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This  dissertation  describes  power  electronics  applications  in  distribution  power 
quality  enhancement. 

The  dissertation  first  deals  with  power  quality  phenomena  which  are  of  concern 
in  distribution  engineering.  The  typical  power  quality  phenomena  such  as  harmonic 
distortions,  voltage  sags,  voltage  swells,  impulses,  outages,  transients,  noises,  etc.  are 
examined  through  waveforms  acquired  from  both  a real  distribution  system  and  computer 
simulations  based  on  a typical  distribution  system.  The  duplication  of  the  waveforms  in 
the  computer  simulation  helps  to  explain  power  quality  phenomena  and  provides  in-depth 
knowledge  of  each  phenomenon.  The  impacts  of  power  quality  problems  on  distribution 
systems  and  customer  loads  are  discussed. 

By  using  power  electronics  converters,  basically  PWM  DC-AC  inverters,  high 
quality  power  is  maintained  at  an  important  load  or  bus  no  matter  what  power  quality 
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phenomena  exist  in  the  distribution  system.  The  idea  is  using  DC-AC  inverters  to  either 
compensate  voltage  and/or  current,  or  absorb  excessive  voltage  and/or  current  at  critical 
loads  to  maintain  high  quality  power. 

Depending  on  the  distribution  loads,  several  topologies  of  the  control  systems  are 
developed  to  serve  as  multi-functional  controller  for  power  quality  improvement.  The 
dissertation  generalizes  the  control  systems  for  the  static  loads  and  dynamic  machine 
loads,  respectively.  Furthermore,  an  adaptive  control  system  is  developed  to  follow  the 
changes  in  the  supported  loads.  In  all  of  the  control  systems,  a closed-loop  structure  is 
included  in  order  to  reject  disturbances,  from  either  the  distribution  system  or  converter 
DC  bus  voltage.  The  dissertation  investigates  the  details  of  attenuating  the  disturbances 
by  the  closed-loop  system. 

The  dissertation  not  only  provides  theory  and  concept  in  this  area,  but  the 
computer  simulations  are  used  throughout  the  dissertation  to  verify  the  concept. 
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CHAPTER  1 


INTRODUCTION 


1 . 1 Power  Quality 

Electric  distribution  systems  provide  connections  between  bulk  sources  and 
customer  loads  through  distribution  components.  Distribution  power  quality  has  a direct 
impact  on  the  supplied  customers  and  distribution  components.  Due  to  various 
disturbances  or  changes  in  system  operation,  distribution  systems  suffer  from  both  short 
duration  transient  problems  and  long-term  abnormal  conditions.  In  general,  distribution 
systems  have  little  control  over  these  problems  without  using  mitigation  techniques. 
Distribution  systems  are  therefore  vulnerable  to  these  power  quality  problems. 

In  the  present  distribution  systems,  more  and  more  customers  require  high  quality 
power  supply  to  maintain  normal  operations.  Such  typical  customer  loads  are  computer 
facilities  or  some  high  precision  equipment.  These  loads  are  sensitive  to  the  supplied 
power  because  of  the  electronic  devices  which  operate  in  very  low  power  ratings  and  are 
built  in  a highly  compacted  form.  Industrial  process  controls  involving  electric  motors 
are  also  vulnerable  to  short  power  interruptions.  On  the  other  hand,  more  and  more 
customers  are  creating  power  quality  problems  by  using  unconventional  techniques 
because  these  techniques  can  provide  some  flexibilities  which  are  impossible  or  very 
difficult  to  achieve  using  conventional  approaches.  The  typical  example  is  Adjustable 
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Speed  Drives  (ASDs)  which  provide  efficient  control  capabilities  for  rotating  electric 
machinery.  The  ASDs  are  designed  with  power  electronics  converters  which  normally 
create  waveform  distortions  to  the  power  supply.  In  distribution  systems,  power 
electronics  equipment  is  the  main  reason  for  the  harmonic  waveform  distortions. 

Power  quality  problems  are  a concern  of  electric  utilities  which  coordinate  bulk 
power  sources  and  various  customer  loads.  For  both  efficiency  and  economy,  power 
quality  has  a great  impact  on  the  utility  systems  because  it  directly  affects  the  distribution 
components  such  as  subtransmission  lines,  substations,  distribution  transformers, 
metering,  etc.  Considering  electricity  as  a product,  high  quality  power  is  more 
meaningful  to  customers.  The  "end  users"  of  the  power-customers-are  concerned  about 
power  quality  as  well  because  the  power  supply  may  affect  their  equipment,  network,  or 
appliances.  Utilities  must  maintain  high  quality  power,  for  their  customers  and  for  their 
own  sake. 

Because  of  this,  the  Electric  Power  Research  Institute  (EPRI),  a major  utility 
coordination  organization  headquartered  in  Palo  Alto,  California,  USA,  sponsored  the 
CUSTOM  POWER  strategy  under  the  leadership  of  Dr.  Narain  Hingorani  [1,2].  Dr. 
Hingorani  had  previously  coined  the  term  FACTS,  Flexible  AC  Transmission  Systems. 
FACTS  are  developed  to  increase  the  capability  of  the  transmission  systems  [3,4],  while 
CUSTOM  POWER  is  intended  to  increase  the  capability  of  the  distribution  systems. 
Both  use  power  electronics  converters  as  controllers.  In  CUSTOM  POWER,  power 
electronics  controllers  are  used  to  improve  power  quality  within  the  distribution  systems. 
From  theoretical  analyses  and  computer  simulations  as  performed  for  this  dissertation, 
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power  electronics  converters  with  high  power  ratings  have  the  capability  of  isolating  the 
disturbances  or  other  transients  occurring  in  utility  systems  from  sensitive  and  important 
customer  loads.  Also,  power  electronics  converters  can  immunize  electric  utilities 
against  some  customer  loads  which  cause  power  quality  problems  such  as  harmonic 
distortions. 


1.2  Dissertation  Results  versus  Previous  Work 
The  research  as  described  in  this  dissertation  follows  the  directions  of  the 
CUSTOM  POWER  strategy  and  applies  power  electronics  to  power  quality  improvement. 
The  dissertation  begins  with  a power  quality  problems  analysis,  then  proceeds  to  power 
electronics  converter  analysis,  the  multi-functional  control  system  design  for  power 
electronics  converters,  the  implementation  issues,  and  ends  with  a conclusion  and 
discussion  of  the  further  development. 

In  power  quality  problems  analysis,  the  dissertation  mainly  simulates  the  power 
quality  phenomena  based  on  a typical  distribution  system.  According  to  the  literature, 
systematic  and  detailed  power  quality  analysis,  including  the  causes  and  impacts  on 
distribution  systems,  is  not  available.  Some  literature  illustrates  power  quality 
phenomena  from  the  industrial  point  of  view.  For  instance,  IEEE  Tutorial  Courses  [5] 
and  Rice  [6]  address  harmonics  caused  by  Adjustable  Speed  Drives  (ASDs). 
McGranaghan  et  al  [7]  discuss  voltage  sags  in  industrial  systems.  J.  Harvey  [8]  covers 
more  details  in  this  field.  This  dissertation  discusses  various  power  quality  phenomena 
of  concern  in  present  distribution  systems  as  supported  by  sample  waveforms.  The 
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waveforms  from  real  systems  are  compared  with  computer  simulations.  A quantitative 
agreement  is  achieved.  On  the  other  hand,  the  dissertation  shows  some  waveforms  which 
are  difficult  to  obtain  in  real  systems. 

In  addition  to  studying  the  impact  of  power  quality  problems  on  general  static 
loads,  the  dissertation  investigates  a typical  industrial  load— dynamic  rotating  electric 
machinery  as  well.  The  results  based  on  computer  simulations  uncover  some  facts  which 
are  not  shown  in  the  literature  before.  The  voltage  sags  in  the  system  cause  currents  to 
increase  rather  than  current  sags.  This  phenomenon  is  explained  in  the  dissertation  in 
detail.  Due  to  this  phenomenon,  dynamic  loads  are  examined  in  addition  to  the  static 
loads  in  power  electronics  applications. 

Since  the  dissertation  deals  with  a new  topic  in  electric  power  engineering,  many 
ideas  and  implementations  are  novel  in  this  area.  Although  there  are  similar 
achievements  in  power  quality  improvement,  the  techniques  as  developed  in  this 
dissertation  are  quite  different  from  other  techniques.  Furthermore,  the  dissertation 
describes  a control  method  which  can  solve  many  of  the  power  quality  problems,  while 
the  other  methods  normally  solve  only  one  particular  problem  as  described  below. 

The  conventional  power  conditioner  is  used  as  a power  source  to  the  protected 
equipment,  as  described  by  Chen  and  Divan  [9].  Therefore,  full  power  is  attained 
through  the  power  conditioner.  As  long  as  the  load  or  bus  draws  rated  current  and 
voltage,  the  power  conditioner  operates  with  full  power  as  well.  The  input  to  the  power 
conditioner  can  be  a battery  or  rectified  DC  source.  The  typical  equipment  of  using 
battery  is  the  Uninterruptible  Power  Supplies  (UPS).  By  using  a rectified  DC  source, 
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the  power  conditioner  serves  as  an  on-line  protective  equipment  for  the  supported 
customer  load.  If  the  input  to  the  power  conditioner  losses  full  voltage  such  as  in  the 
case  of  voltage  sags  or  outages,  the  energy  stored  in  the  storage  element  capacitor  serves 
as  the  source  to  the  inverter  to  support  the  customer.  In  this  way,  the  power  conditioner 
supports  the  loads  depending  on  the  charge  on  the  capacitor.  This  demands  a high  rating 
for  the  capacitor.  Normally,  the  higher  the  capacitance,  the  better.  The  power 
conditioner  using  the  same  topology  is  widely  used  in  motor  drive  applications  where 
variable  voltage  and  frequency  are  normally  desired.  The  capacitor  in  drive  applications 
is  only  used  as  a filter  element  rather  than  an  energy  storage  component. 

F.Z.  Peng  et  al  introduce  a new  topology  of  power  conditioning  which  is  valid 
for  harmonic  compensation  [10,11].  The  idea  is  using  shunt  and  series  converters  to 
block  harmonics  caused  by  both  customer  and  utilities.  This  technique  is  discussed  in 
this  dissertation  to  explain  the  principle  of  the  converter  applications.  However,  Peng 
et  al  do  not  solve  the  other  power  quality  problems  covered  in  this  dissertation.  In 
addition,  various  other  literature  addresses  this  topic  [12,13,14]. 

Another  important  application  of  the  power  conditioner  is  in  that  of  balancing 
three-phase  systems  which  suffer  unbalanced  voltages  due  to  sequence  currents.  The 
power  conditioner  injects  sequence  quantities  to  bring  the  system  into  balance.  Campos 
et  al  [15]  and  Bhavaraju  et  al  [16]  describe  the  details  of  power  electronics  converter 
applications  in  balancing  three-phase  systems. 

The  phenomena  as  described  above  are  normally  steady-state  in  which  the 
problems  are  easy  to  solve  to  some  extent.  In  fact,  in  this  area,  there  are  significant 
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achievements  accompanying  advanced  technologies  such  as  digital  signal  processing  and 
adaptive  control  [13].  Nevertheless,  there  is  little  progress  in  dealing  with  transient 
power  quality  problems.  Typical  examples  are  voltage  sags  which  occur  very  often  in 
electric  utilities  because  of  breaker  operations.  The  distribution  industry  reports  this  kind 
of  phenomena  from  time  to  time,  as  discussed  by  McGranaghan  et  al  [7],  and  Dugan  et 
al  [17].  These  authors  present  the  challenges  from  the  industrial  point  of  view  and  claim 
that  voltage  sags  have  a big  impact  on  both  system  operations  and  economics.  They  also 
urge  the  use  of  high  technological  power  conditioners  to  deal  with  these  fast  transient 
power  quality  problems.  Nevertheless,  there  is  little  progress  seen  in  this  area. 

In  addition  to  voltage  sags,  there  are  various  other  transient  phenomena  such  as 
voltage  swells,  and  surges,  existing  in  distribution  systems.  Smith  and  Standler  [18] 
report  the  effects  of  electrical  surges  on  domestic  appliances.  Normally,  electrical  surges 
are  protected  by  surge  arresters.  However,  surge  arresters  only  work  when  electric 
surges  exceed  the  protective  level.  If  the  surges  are  higher  than  the  system  voltage  but 
lower  than  the  protective  level,  the  surge  arresters  do  not  operate. 

According  to  the  industry,  power  quality  problems  become  most  challenging  in 
distribution  systems.  Although  there  are  some  technologies  to  deal  with  specific  power 
quality  phenomenon,  such  as  those  as  described  above,  they  are  not  designed  for  other 
applications.  Instead  of  solving  one  particular  distribution  power  quality  problem,  the 
development  as  described  in  this  dissertation  solves  several  power  quality  problems  using 
power  electronics  converters.  The  significance  is  that  the  multi-functional  power 
electronic  controller  is  developed  based  on  various  industrial  loads. 
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The  dissertation  first  addresses  the  power  quality  issues  concerned  in  the 
distribution  engineering.  Various  power  quality  phenomena  are  simulated  in  a typical 
distribution  system,  and  supported  by  the  waveforms  acquired  from  a real  distribution 
system.  The  simulation  provides  an  in-depth  knowledge  of  these  phenomena.  A power 
quality  phenomenon  based  on  the  typical  distribution  system  load— rotating  electrical 
machinery  is  also  discussed  in  detail. 

The  dissertation  then  discusses  power  electronics  converters  used  to  improve  the 
power  quality.  Specifically,  a three-phase  DC-AC  inverter  is  studied.  Based  on  the 
different  distribution  system  loads,  different  topologies  are  used  for  analysis.  For  static 
loads,  a single-phase  topology  can  be  used  for  analysis  and  compensator  design.  The 
dissertation  provides  a detailed  analysis  of  the  inverter  system  with  only  static  load 
installed.  For  rotating  machinery  loads,  a transformation  from  the  conventional  three- 
phase  abc  coordinate  system  to  a rotating  reference  frame  qdO  is  used.  It  appears  from 
the  literature  little  progress  has  been  made  in  these  areas. 

In  the  three-phase  PWM  DC-AC  inverter  applications,  three  fundamental  models 
are  used  for  analysis  and  compensator  design  of  the  control  system.  The  first  one  is 
based  on  the  conventional  abc  domain,  where  the  three  phases  are  treated  separately. 
Kusko  et  al  [19],  Nabae  et  al  [20],  Yao  et  al  [21],  Min  et  al  [22],  Pouliquen  et  al  [23], 
Dzieniakowski  et  al  [24],  and  Hoang  [25]  adopt  this  model.  The  second  one  is  based  on 
qdO  domain  in  which  all  the  three-phase  systems  are  transformed  to  a two-phase  system, 
assuming  no  zero  sequence  currents  exist.  This  model  is  widely  used  in  rotating 
electrical  machinery  and  drive  systems.  Only  a few  applications  are  cited  herein. 
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Krause  [26]  uses  the  abc-qdO  transformation  for  the  analysis  of  all  electrical  machinery. 
Murai  et  al  [27]  also  adopt  qdO  models  for  electrical  drive  analysis,  and  Kawabata  [28] 
uses  it  for  general  inverter  applications.  The  third  model  is  based  on  a qdO  model  but 
combined  with  symmetrical  components  technique,  the  so-called  Ofb  model  by  Ngo  [29] 
and  White  [30].  Campos  et  al  [15]  use  the  qdO  model  and  symmetrical  components 
technique  separately,  to  study  the  unbalanced  system.  The  Ofb  model  is  a complex 
number  transformation  as  a result  of  using  symmetrical  components. 

The  above  three  models  are  used  in  different  applications.  The  dissertation  covers 
each  model.  Also,  it  provides  a detailed  analysis  of  transformations  used  in  different 
applications.  The  dynamic  equations  of  the  inverter  system  are  also  developed  based  on 
each  transformation. 

Depending  on  the  distribution  loads,  the  control  systems  are  discussed  in  detail. 
The  dissertation  models  various  distribution  loads.  A generalized  control  structure  based 
on  qdO  system  is  developed.  Of  special  interest  is  using  the  adaptive  control  to  deal  with 
the  system  plant  changing  in  rotating  machinery  application.  The  adaptive  control  is 
different  from  those  used  as  hysteresis  control,  or  "Bang-Bang"  control,  in  that  the 
coefficients  of  the  compensator  are  adjusted  based  on  a recursive  algorithm.  The 
adaptive  "Bang-Bang"  control  is  used  widely,  as  discussed  by  Zoos  et  al  [31]. 
Nevertheless,  it  can  not  adjust  its  compensator  to  follow  the  plant  model  changes.  Also, 
the  adaptive  control  used  is  different  from  a conventional  open-loop  adaptive  control  as 
used  widely,  in  that  the  closed-loop  structure  is  applied.  The  adaptive  control  based  on 
minimizing  the  error  is  a new  application  in  the  inverter  control  system. 
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In  addition  to  the  theoretical  analysis,  implementation  issues  with  computer 
simulations  are  provided  in  the  dissertation.  The  computer  simulations  are  mainly  based 
on  the  power  system  simulation  package  ElectroMagnetic  Transients  Program  (EMTP). 
The  EMTP  package  models  most  conventional  power  system  components.  In  addition, 
it  has  the  capabilities  for  simulations  of  power  electronics  and  control  systems  [32,33]. 

1.3  Major  Contributions 

The  dissertation  provides  the  following  contributions  to  electrical  distribution 
engineering  and  related  areas: 

(1)  The  dissertation  addresses  the  power  quality  issues  by  discussing  various 
power  quality  phenomena,  the  causes  and  their  impacts  on  distribution  systems. 

(2)  The  dissertation  provides  a detailed  analysis  and  computer  simulations  of 
power  electronic  converters  in  solving  power  quality  problems.  Various 
distribution  system  loads  are  analyzed  including  coupled  dynamic  loads. 

(3)  Based  on  different  distribution  loads,  a multi-functional  control  system  is 
designed,  which  solves  many  power  quality  problems.  The  computer  simulations 
are  performed  to  verify  the  concepts  and  design  approaches. 

(4)  The  application  of  adaptive  control  is  introduced  to  deal  with  uncertainties 
in  distribution  system  loads. 


CHAPTER  2 


POWER  QUALITY  ISSUES 


This  chapter  addresses  power  quality  issues  and  describes  most  of  power  quality 
phenomena  by  definitions  or  explanations.  Some  real  system  waveforms  are  illustrated 
and  the  waveforms  are  duplicated  by  computer  simulation  results  using  EMTP.  To  carry 
out  research  in  power  quality  enhancement,  a state-of-the-art  distribution  system  model 
is  designed.  The  simulation  results  from  the  distribution  system  model  help  to  explain 
the  causes  and  impacts  of  the  power  quality  phenomena. 

2.1  General  Description 

In  general,  high  quality  power  provides  little  waveform  distortion  from  the 
standard:  a pure  sinusoidal  waveform  with  constant  amplitude  and  frequency.  Any 
waveform  distortions  from  the  standard  are  said  to  have  power  quality  problems. 
According  to  different  situations,  the  following  terminologies  and  definitions  are  provided 
to  understand  power  quality  phenomena  [34]. 

2.1.1  Terminology  and  Definition 

Harmonic  distortions  refer  to  the  waveforms  which  have  periodic  deviation  from 
normal  sinusoidal  waveforms.  Harmonics  exist  in  both  voltage  and  current  waveforms, 
and  are  normally  evaluated  by  Total  Harmonic  Distortion  (THD)  [5,6]. 
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Voltage  sags  refer  to  momentary  voltage  drops  from  rated  or  normal  voltage.  Sag 
rate  is  the  percentage  of  the  voltage  amplitude  in  reference  to  the  rated  voltage 
amplitude.  The  duration  of  voltage  sags  is  typically  several  cycles. 

Voltage  swells  refer  to  momentary  voltage  boosts  over  rated  voltage.  The 
duration  of  voltage  swells  is  typically  several  cycles. 

Voltage  outages  refer  to  a complete  loss  of  power  for  a longer  period  in  contrast 
to  voltage  sags. 

Undervoltages  refer  to  the  voltage  drops  from  rated  voltage  and  by  definition  have 
a longer  duration  compared  to  voltage  sags. 

Overvoltages  refer  to  the  voltage  increase  over  rated  voltage  and  by  definition 
have  a longer  duration  compared  to  voltage  swells. 

Surges  or  impulses  refer  to  the  voltage  increase  in  a very  short  duration  with  high 
amplitude.  Surges  or  impulses  may  trigger  voltage  or  current  oscillations. 

Noises  refer  to  high  frequency  oscillation  parasitic  on  normal  waveforms. 

Low  power  factor  normally  refers  to  the  system  or  customer  loads  whose  power 
factor  is  lower  than  the  demanded  power  factor  defined  by  the  utilities  industry. 

2.1.2  Causes  and  Impacts 

The  previous  descriptions  cover  most  of  the  distribution  power  quality 
phenomena.  The  causes  of  these  phenomena  may  be  multifarious  due  to  the  complex 
nature  of  the  power  systems,  but  they  still  fall  into  uniform  classifications.  Some  of  the 
problems  may  be  caused  by  natural  phenomena  and  some  by  power  system  operations. 
Steady-state  harmonic  distortions  are  normally  caused  by  nonlinear  power  electronics 
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loads.  In  the  last  decade,  power  electronics  equipment  has  been  increasingly  used  in 
power  systems  for  various  purposes  including  control  of  rotating  electric  machinery, 
increase  of  transmission  or  distribution  system  capabilities,  and  conservation  of  energy 
consumption  which  otherwise  is  wasted  because  of  changing  operations.  Switching 
operations  of  power  electronics  converters  which  are  connected  to  the  electric  utility  side 
causes  current  waveform  distortion  of  the  power  supply.  The  current  distortion  causes 
voltage  distortion  depending  on  the  capacity  of  the  power  electronics  non-linear  loads  at 
this  bus.  Due  to  the  long  term  duration,  harmonic  distortions  are  steady-state  power 
quality  phenomena  which  need  long-term  considerations. 

In  transient  power  quality,  some  natural  phenomena  occurring  in  power  systems 
cause  voltage  abnormality.  Lightning  normally  causes  overvoltage  and  overcurrent  to 
a power  system  for  very  short  periods  (typically  in  micro-second  levels).  Similarly, 
power  system  switching  operations  cause  the  same  phenomena,  but  the  durations  are 
normally  longer.  Power  system  faults  such  as  line  to  ground  faults  cause  line  voltage 
outage  and  remote  system  voltage  sag.  Some  large  loads  such  as  large  motors  tripped-off 
from  distribution  systems  cause  voltage  swells.  Also,  voltage  sags  may  exist  during 
motor  start-up  because  of  the  voltage  drops  on  the  line  caused  by  high  inrush  current. 
A line-to-ground  fault  in  one  of  the  three  phases  of  ungrounded  transformers  results  in 
voltage  swells  in  other  two  phases  as  well.  Many  of  these  abnormal  behaviors  in 
distribution  systems  are  accompanied  by  transient  oscillations. 

A low  power  factor  is  normally  caused  by  customer  loads  which  absorb  too  much 
reactive  power.  Reactive  power  corresponds  to  the  power  consumed  in  reactive 
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components— inductive  loads.  Many  industrial  loads  are  inductive  because  rotating 
electric  machinery  relies  on  the  inductive  component  to  transfer  the  energy.  The  power 
factor  is  determined  by  how  much  reactive  power  is  consumed  compared  with  real 
power. 

The  impact  of  these  power  quality  phenomena  takes  multiple  forms.  Harmonics 
increase  losses  of  equipment  which  is  designed  to  operate  in  normal  conditions.  The 
extra  losses  cause  equipment  to  overheat.  For  instance,  harmonics  in  rotating  electric 
machinery  increase  winding  losses  without  contributing  any  useful  energy  transfers. 
Furthermore,  harmonics  cause  torque  pulsations  which  may  trigger  mechanical  system 
oscillation.  In  transformers,  harmonics  increase  winding  losses  and  decrease  efficiency 
as  in  rotating  electric  machinery.  Harmonics  also  cause  saturation  of  transformers. 

Electric  surges  or  impulses  are  suppressed  by  surge  arresters  if  the  surges  exceed 
the  coordinated  protection  level.  Nevertheless,  non-operation  or  failure  of  surge  arresters 
is  often  reported,  which  actually  degrades  protection  for  the  protected  equipment  or 
network.  On  the  other  hand,  frequent  firing  of  surge  arresters  causes  aging  problems 
which  shortens  the  life  of  arresters  and  eventually  results  in  surge  arrester  failure. 
Normally,  arresters  are  rated  higher  than  the  rated  system  or  equipment  voltage. 
Suppression  of  surges  or  impulses  may  actually  cause  overvoltages.  Overvoltages  or 
voltage  swells  increase  losses  and  cause  equipment  to  overheat,  gradually  destroying  the 
insulation  materials  of  equipment.  Undervoltages  may  cause  abnormal  operations  of 
customer  loads.  For  example,  the  speed  decreases  in  rotating  machinery,  and  memory 
may  be  lost  in  a computer,  if  the  voltage  supply  drops. 
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Power  quality  also  affects  utility  meters.  Misreading  of  industrial  or  residential 
meters  may  be  the  results  of  harmonics  or  transient  phenomena  in  distribution  systems. 
The  meters,  like  other  electrical  equipment,  contain  electrical  components  such  as 
inductor  windings,  designed  to  operate  in  normal  conditions.  Errors  may  occur  in 
metering  due  to  harmonics  or  transient  phenomena. 

In  conclusion,  power  quality  problems  as  described  herein  have  direct  impacts  on 
the  electric  utilities  and  their  supplied  customers.  The  power  quality  has  a direct  effect 
on  efficiency,  protective  insulations,  system  capabilities,  etc.  Sensitive  loads  such  as 
computer  facilities  and  high  precision  equipment  suffer  in  wasting  human  effort,  if  low 
quality  power  is  responsible  for  the  loss  of  the  computer  memory  or  loss  of  a valuable 
product.  Maintaining  high  quality  power  benefits  both  the  electric  utilities  and 
customers. 


2.2  A Miniature  Distribution  System  for  Power  Quality  Study 
A power  system  as  shown  in  Figure  2.1  is  studied  to  simulate  a typical 
distribution  system.  The  system  has  a capacity  of  25  MVA  and  the  substation  has  13.8 
kV  voltage.  Two  feeders  noted  as  FEEDER  1 and  FEEDER  2 connect  to  the  substation 
through  short  distribution  lines.  FEEDER  3 represents  the  rest  of  the  loads  connected 
to  the  source.  FEEDER  1 and  FEEDER  2 have  a tie-line  connection  to  provide 
exchange  of  the  feeders  in  case  one  fails.  The  Solid-State-Breaker  (SSB)  provides  fast 
switching  operations,  which  are  simulated  by  electronically  controlled  switches. 
Distribution  systems  could  benefit  from  a SSB  capable  of  switching  in  less  than  one  cycle 
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because  it  can  reduce  the  time  interval  of  voltage  outages  or  sags  due  to  breaker 
operations.  This  actually  is  one  of  the  techniques  to  provide  high  quality  power  to 
customers.  The  SSBs  connected  on  the  feeders  are  normally  closed  and  the  SSB  serving 
as  a tie-line  connection  is  normally  open. 

This  system  reflects  most  of  the  distribution  features  such  as  source,  feeders, 
distribution  system  lines,  breakers,  transformers  and  loads  with  their  power  factor 
correction  capacitors.  Notice  that  this  system  is  also  capable  of  simulating  power  quality 
phenomena  which  will  be  described  in  the  next  section. 

In  order  to  make  the  system  manageable  in  the  laboratory,  a scaled  down 
distribution  system  model  is  derived  with  15  kVA  and  208  V rating,  as  shown  in  Figure 
2.2.  The  load  noted  by  VCUJ  is  the  critical  or  important  load  which  needs  a high  quality 
power.  The  transformer  feeding  Vcus  is  used  to  provide  isolation  between  the  critical  load 
and  the  substation.  The  load  itself  is  variable  with  a range  of  0.3  ~ 3 kVA. 

With  the  help  of  the  computer  simulation  package  EMTP,  the  distribution  system 
was  designed  with  all  the  components  selected.  Figure  2.3  shows  the  distribution  model 
with  all  the  parameters  labeled.  Due  to  laboratory  availability,  the  isolation  transformers 
with  voltage  ratings  of  208V/208V  are  replaced  by  two  208V/480V  transformers.  The 
new  components  which  are  not  seen  in  the  previous  figures  are  the  INVERTER  and 
RECTIFIER  blocks,  that  represent  the  power  electronics  converters.  The  idea  is  to  use 
the  FEEDER  2 as  the  supply  for  the  converter  which  is  designed  to  maintain  high  quality 
power  for  the  important  load.  The  branch  connected  to  FEEDER  1,  noted  as  SSR 
(Solid-State-Relay),  is  used  to  simulate  a line-to-ground  fault. 
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Figure  2.1  A typical  distribution  system 


17 


18 


Figure  2.3  Laboratory  model  distribution  system 
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The  systems  as  shown  above  are  based  on  one-line  diagrams,  but  they  are  actually 
a three-phase  system.  All  the  phenomena  studied  are  based  on  a three-phase  system. 
Some  parameters  do  not  reflect  real  system  parameters  but  provide  convenience  in 
laboratory  construction.  For  instance,  the  feeder  distribution  line  impedances  are  larger 
than  those  in  a real  system.  Increasing  line  impedance  allows  observation  of  a typical 
sag  rate  at  the  custom  bus  when  there  is  a fault  in  the  distribution  line.  Nevertheless, 
the  system  features  are  the  same  as  in  a real  system. 

2.3  Power  Quality  Phenomena  Simulation 
With  the  support  of  local  electric  utilities,  some  power  quality  waveforms  were 
acquired  in  real  power  systems.  Figure  2.4  and  Figure  2.5  show  the  typical  harmonic 
distortions  caused  by  power  electronics  rectifiers.  Figure  2.4  is  the  voltage  and  current 
waveform  caused  by  a single-phase  rectifier,  and  Figure  2.5  is  for  a three-phase  rectifier. 
The  current  waveforms  are  highly  distorted,  and  the  voltage  waveforms  are  slightly 
distorted  because  of  the  balance  of  other  linear  loads  connected  at  the  same  bus.  It  can 
be  shown  that  low  frequency  harmonic  components  in  current  waveforms  have  more 
severe  effects  than  higher  order  harmonics.  Figure  2.6  shows  voltage  sags  which  are 
caused  by  a remote  fault  in  the  systems.  A line-to-ground  fault  in  one  phase  causes  a 
severe  voltage  sag  to  this  phase  voltage  at  a remote  site.  Also,  mutual  coupling  of 
distribution  lines  causes  voltage  sags  in  the  other  two  phases  as  well.  Figure  2.7  shows 
impulses  with  unknown  causes.  Thus,  one  phase  experiences  a voltage  impulse,  and  the 
other  two  phases  incur  noises  obviously  caused  by  the  same  reason. 


Voltage  (V)  & Current  (A)  Voltage  (V)  & Current  (A) 
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Figure  2.4  Harmonic  voltage  and  current  from  real  system: Single-phase  rectifier 


Figure  2.5  Harmonic  voltage  and  current  from  real  system:  Hiree-phase  rectifier 
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Figure  2.6  Measured  voltage  sags  from  real  system  (Top  to  bottom  phase  A,  B,  C) 
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Figure  2.7  Measured  impulses  from  real  system  (Top  to  bottom:  Phase  A,  B,  C) 
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Based  on  the  laboratory  miniature  distribution  system  model,  some  power  quality 
phenomena  were  simulated  using  EMTP.  The  waveforms  are  similar  to  those  from  the 
real  distribution  systems.  The  waveforms  are  acquired  at  the  critical  load  bus  as 
mentioned  before.  In  the  following  text,  the  term  Custom  Power  bus  or  Custom  bus  will 
be  used  for  this  critical  bus  which  is  actually  defined  by  CUSTOM  POWER  technology. 

Figure  2.8  shows  the  current  and  voltage  waveforms  when  the  Custom  Power  bus 
is  installed  with  a three-phase  rectifier  load.  Both  current  and  voltage  waveforms  are 
highly  distorted;  because  there  are  no  other  loads  at  this  bus  to  balance  the  power 
electronics  nonlinear  load.  It  is  observed  that  the  simulation  provides  a better  current 
waveform  than  that  from  the  real  system.  Unlike  the  real  system,  the  miniature 
distribution  system  model  has  more  inductance  in  the  feeder  side  which  enables  current 
flow  continuously  within  each  half  cycle.  Figure  2.9  shows  the  similar  waveform  as  that 
from  the  real  system  without  filtering  inductance.  The  waveform  is  acquired  from  an 
equivalent  system  model  without  a filtering  component.  The  current  waveform  is  highly 
distorted.  Figure  2. 10  shows  the  current  and  voltage  waveforms  at  the  custom  bus  when 
the  feeder  side  has  harmonic  sources.  The  feeder  voltage  is  highly  distorted,  therefore, 
the  custom  bus  voltage  is  highly  distorted  as  well.  The  current  waveform  at  custom  bus 
has  little  distortion  because  of  the  filtering  inductance.  These  are  three-phase  harmonic 
distortion  phenomena  with  balanced  power  electronics  rectifier  loads.  Figure  2.11  and 
Figure  2.12  show  the  current  and  voltage  waveforms  when  the  custom  bus  has  an 
unbalanced  load  with  one  phase  of  rectifier  load  and  the  other  two  phases  of  regular  load. 
The  regular  load  is  equivalent  to  an  impedance.  Due  to  the  mutual  coupling  of  the 
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transformers,  the  other  two  phases  which  are  not  installed  in  the  rectifier  are  also 
distorted,  as  can  be  seen  in  the  voltage  waveforms  in  Figure  2. 12.  Mapping  the  voltage 
and  current  waveforms  together  for  the  phase  which  has  a single-phase  rectifier  load  will 
yield  similar  waveforms  as  those  from  a real  system,  as  in  Figure  2.13,  which  is 
compared  to  the  waveforms  in  Figure  2.4. 

Figure  2. 14  shows  voltage  sags  at  the  Custom  Power  bus  when  there  is  a line-to- 
ground  fault  at  FEEDER  1 distribution  line,  referring  to  Figure  2.3.  Voltage  sags  from 
EMTP  simulations  are  similar  to  those  obtained  in  the  real  system  as  in  Figure  2.6, 
which  verifies  that  voltage  sags  result  from  a remote  fault.  Figure  2.15  shows  voltage 
swells.  As  described  previously,  voltage  swells  may  be  caused  by  a large  motor  load 
tripped  off  from  the  system,  or  a single  line- to-ground  fault  with  ungrounded 
transformers.  The  voltage  swells  in  Figure  2. 15  result  form  the  load  trip-off  which  is 
connected  to  the  source,  as  can  be  seen  in  Figure  2.1.  FEEDER  3 represents  a large 
motor  load  which  is  connected  to  the  system. 

Finally,  the  simulation  of  one-cycle  switching  is  shown  in  Figure  2. 16.  One-cycle 
switching  allows  feeders  to  switch-over  within  one  cycle  without  causing  a long  time 
voltage  outage  at  the  important  bus.  One-cycle-switching  may  result  in  voltage  surges 
when  the  reclosing  time  coincides  with  the  peak  time  of  the  voltage  (phase  A in  the 
figure).  In  addition,  one-cycle-switching  causes  high  frequency  oscillations  because  of 
the  breaker  operation.  The  switching  of  the  breakers  is  controlled  by  the  so-called  Solid- 
State-Breaker  (SSB),  which  is  actually  the  power  electronics  devices. 
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.8  Voltage  and  current  waveforms  of  custom  bus  with  rectifier  load 


Figure  2.9  Voltage  and  current  waveforms  of  three-phase  rectifier  without  line 

inductance 
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Figure  2.10  Voltage  and  current  waveforms  at  Custom  bus  with  harmonics  in  feeder 
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Figure  2.11  Three-phase  current  with  one  phase  of  rectifier  load  (unbalance  load) 
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Figure  2.12  Three-phase  voltage  with  unbalanced  load  (single-phase  rectifier  load) 


Figure  2.13  Voltage  and  current  of  single-phase  rectifier  without  line  inductance 
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Figure  2.14  Voltage  sags  at  Custom  bus  (Top  to  bottom:  phase  A,B,C) 
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Figure  2.15  Voltage  swells  at  Custom  bus  (Top  to  bottom:  phase  A,B,C) 
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Figure  2.16  Voltage  at  Custom  bus  of  one  cycle  switching 
(Top  to  bottom:  phase  A,B,C) 
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2.4  Power  Quality  with  Electric  Machine  Loads 

The  following  example  illustrates  how  the  power  quality  problems  affect  a typical 
distribution  system  load— rotating  machinery.  A three-phase  induction  motor  is  installed 
at  the  Custom  Power  bus.  From  Figure  2.3,  the  static  load  at  the  Custom  bus  is  replaced 
by  a dynamic  machinery  load  of  similar  size.  Assume  that  voltage  sags  as  discussed 
before  exist  in  the  Feeder  1 side.  We  will  see  the  motor  phenomena  under  the  voltage 
sags  at  its  terminal. 

Using  an  EMTP  simulation,  the  system  is  modelled  as  before.  To  model  the 
induction  motor,  the  Universal  Machine  module  in  EMTP  is  used  which  allows  study  of 
the  dynamics  of  rotating  machinery.  The  induction  motor  data  are  used  in  Yin  [35,36] 
and  listed  in  Appendix  A.  The  modeling  technique  is  not  covered  herein,  only  the 
simulation  results  are  shown. 

In  order  to  evaluate  the  overall  performance  of  the  induction  motor,  the 
simulation  covers  the  induction  motor  with  start-up  and  voltage  sags  after  motor  start-up. 
Due  to  the  Y-A  isolation  transformer  between  the  substation  feeder  and  the  Custom  bus 
(other  than  the  converter  transformer),  the  voltage  sag  in  one  phase  will  cause  a voltage 
increase  in  the  other  two  phases.  Therefore,  the  Y-A  isolation  transformer  is  replaced 
by  Y-Y  isolation  transformer  to  see  the  pure  sag  phenomena. 

During  voltage  sag,  the  motor  current  actually  increases  rather  than  decreases. 
This  happens  to  other  two  phases  as  well.  This  is  a significant  difference  between  the 
static  load  and  the  dynamic  machine  load.  In  the  static  load  such  as  an  equivalent 
impedance,  the  voltage  sag  results  in  current  sag  because  of  the  linearity.  Nevertheless, 
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the  voltage  sag  causes  current  swell  in  induction  motor  load.  This  is  due  to  the  reaction 
of  the  induction  motor  mechanical  system.  According  to  the  machine  theory  [30],  the 
mechanical  output  is  determined  by  the  mechanical  speed  and  electromagnetic  torque,  as 
shown  in  (2.1). 

Pout  ~ (2.1) 

where  T is  the  load  torque  and  <s>m  is  the  mechanical  angular  speed. 

The  relationship  of  the  mechanical  speed  and  torque  is  shown  in  equation  (2.2), 
where  J is  the  moment  of  inertia,  and  D is  the  damping  coefficient. 

+ D^m  = AT  (2-2) 
dt  m 

AT  is  the  torque  difference  of  electromagnetic  torque  and  load  torque. 

The  mechanical  transient  phenomena  are  determined  by  the  time  constant  in  the 
mechanical  system.  For  the  specific  machine  which  has  the  parameters  listed  in 
Appendix  A,  the  mechanical  time  constant  can  be  derived. 


T 


J 

D 


0.063 

0.02 


3.15 [Sec. ) 


(2.3) 


Therefore,  changes  in  the  mechanical  system  are  slow,  as  far  as  a short-term 
voltage  sag  is  concerned.  Meanwhile,  the  motor  power  flow  must  be  maintained  during 
the  voltage  sag,  as  in  equation  (2.4).  where  Ploss  is  the  total  loss  of  the  motor.  The  input 
power  is  determined  by  the  voltage  and  current  as  in  equation  (2.5). 
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&in  ^out  + ^ loss  (2«4) 

where  Ploss  is  the  total  of  the  motor.  The  input  power  is  determined  by  the  voltage  and 
current  as  in  equation  (2.5). 

Pin  ~ vi  cos0  (2.5) 

Therefore,  less  voltage  demands  more  current  to  maintain  a constant  power  flow 
inside  the  motor  during  the  voltage  sag.  In  fact,  the  motor  operates  in  the  generation 
mode,  in  which  the  mechanical  system  drives  the  machine  due  to  the  mechanical  inertia. 

As  extreme  cases,  the  motor  terminal  may  be  shorted  to  ground  or  open.  In  the 
former  case,  the  terminal  voltage  is  forced  to  zero.  The  maximum  current  is  limited  by 
the  leakage  impedance  of  the  motor.  If  the  machine  terminal  is  an  open-circuit,  the 
current  is  zero,  while  the  voltage  maintains  high.  In  either  case,  the  power  flow  is 
balanced  by  the  losses  which  include  winding  losses  and  friction  losses. 

The  above  analysis  is  verified  by  EMTP  simulations.  Figure  2.17  shows  the 
voltage  sag  in  phase  A at  the  motor  terminal  and  Figure  2.18  is  the  motor  armature 
winding  current.  The  transient  at  the  beginning  is  the  motor  inrush  current  during 
start-up.  Figure  2.19  and  Figure  2.20  illustrate  the  mechanical  system  reacting  to  the 
electrical  changes.  Figure  2.19  is  the  electromagnetic  torque  which  has  a double 
frequency  torque  pulsation  during  voltage  sags.  The  average  torque  is  almost  constant 
during  the  voltage  sag.  The  speed  drops  about  2 % under  40  % voltage  sag  rate. 
Therefore,  the  mechanical  output  power  which  is  proportional  to  the  product  of  torque 
and  speed  can  be  taken  to  be  constant. 
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Figure  2.17  Phase  A voltage  at  motor  terminal 
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Figure  2.18  Phase  A armature  winding  current  of  the  motor 
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Figure  2.19  Electromagnetic  torque 
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Figure  2.20  Rotor  angular  speed 


36 


This  example  shows  that  the  voltage  sags  affect  the  machine  operation  by 
increasing  the  transient  inrush  currents,  causing  very  severe  torque  pulsating  in  the 
mechanical  system  and  reducing  the  motor  speed.  Also,  it  affects  the  feeder  side  by 
drawing  more  current  to  balance  the  power  flow  in  the  machinery.  Furthermore, 
unbalanced  sequence  currents  result  from  unbalanced  voltage  sags,  caused  by  a single 
line-to-ground  fault. 

From  this  example,  it  is  seen  that  the  impact  of  power  quality  problems  is 
significant,  and  the  analysis  is  very  complicated,  considering  all  the  components.  A 
similar  study  was  performed  by  Martinez  [37].  The  analysis  helps  to  explain  the 
phenomena  in  this  field.  Furthermore,  by  inserting  the  Y-A  isolation  transformer 
between  the  high  voltage  side  and  low  voltage  side,  a configuration  which  is  the  case  in 
many  utility  applications,  the  results  may  be  completely  different.  The  reliance  on  a 
nonlinear  computer  simulation  such  as  EMTP  is  necessary  to  fully  understand  the  various 
phenomena. 

In  summary,  this  chapter  discusses  power  quality  issues  in  electric  distribution 
systems.  The  waveforms  characterizing  major  power  quality  phenomena  such  as 
harmonics  and  voltage  sags  are  duplicated  using  an  EMTP  simulation  based  on  a typical 
distribution  system  model.  The  duplication  of  the  waveforms  help  utility  engineers  to 
better  understand  distribution  power  quality  phenomena.  Some  of  the  power  quality 
problems  can  be  mitigated  by  existing  means  based  on  understanding  the  phenomena. 
However,  some  of  the  problems  are  beyond  control  without  installing  new  equipment 
such  as  the  power  electronics  converters.  The  waveforms  simulated  in  this  chapter  may 
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be  used  in  the  following  chapters  to  verify  the  concept  of  using  power  electronics 
converters  to  improve  power  quality. 

The  next  two  chapters  will  concentrate  on  the  analysis  of  power  electronics 
converter  applications  in  power  quality  improvement  and  control  system  designing  for 
power  electronics  converters.  The  combination  of  the  converters  and  control  systems 
yields  multi-functional  power  electronics  converters  which  have  the  capability  of 
suppressing  many  of  the  power  quality  problems. 


CHAPTER  3 


POWER  ELECTRONICS  CONVERTERS: 
PWM  DC-AC  INVERTERS 


Chapter  2 deals  with  power  quality  issues  and  describes  many  of  the  distribution 
power  quality  phenomena.  This  chapter  addresses  power  electronics  converter 
applications  in  power  quality  improvement.  The  particular  power  electronics  converters 
used  here  are  DC-AC  inverters  which  invert  a Direct  Current  (DC)  source  to  Alternating 
Current  (AC).  In  order  to  verify  the  concept,  the  miniature  distribution  system  model 
as  described  in  the  last  chapter  is  simplified  and  power  quality  phenomena  are  based  on 
the  simplified  system.  The  objective  is  to  maintain  high  quality  power  at  the  Custom  bus 
Vcus  as  in  Figure  2.2.  By  installing  DC-AC  inverters  at  the  Custom  bus,  the  distorted 
waveforms  resulting  from  the  feeder  side  can  be  blocked  from  the  Custom  load.  The 
Custom  bus  will  maintain  high  quality  power  no  matter  what  power  quality  phenomena 
exist  in  the  feeder  side.  As  described,  the  feeder  side  may  bring  distorted  waveforms 
into  the  Custom  load,  such  as  harmonics,  voltage  sags,  voltage  swells,  high  frequency 
impulses,  and  transients.  All  these  power  quality  problems  can  be  suppressed  by  power 
electronic  converters  installed  between  the  feeder  bus  and  the  Custom  load  bus.  Also, 
a power  electronics  converter  with  a different  topology  is  capable  of  blocking  the 
harmonics  resulting  from  the  Custom  load  itself  to  the  feeder  side,  thus  the  voltage  at  the 
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Custom  bus  is  maintained  sinusoidal.  As  a result,  the  Custom  bus  maintains  a high 
quality  power  with  a clean  sinusoidal  waveform. 

This  chapter  is  intended  to  illustrate  power  electronics  converter  applications. 
The  theoretical  background  of  the  converters  is  discussed  in  detail  with  the  simplified 
distribution  system  model.  In  Chapter  5,  the  detailed  distribution  system  will  be  used 
with  detailed  converter  models  and  detailed  control  system. 

3.1  PWM  DC-AC  Inverter  Fundamentals 
The  DC-AC  inverters  invert  a DC  source  to  an  AC  source  by  a switching 
operation  of  power  electronics  devices.  There  are  various  topologies  available  in  DC-AC 
inverters  for  different  applications.  Figure  3.1  and  Figure  3.2  show  two  topologies  of 
single-phase  DC-AC  inverters.  Depending  on  the  DC  source  to  the  inverter  input,  a DC- 
AC  inverter  is  classified  as  either  a Voltage  Source  Inverter  (VSI)  or  a Current  Source 
Inverter  (CSI).  The  VSI  has  a constant  voltage  source  directly  connected  to  the  inverter 
input,  as  in  Figure  3.1.  In  Figure  3.2,  the  DC  source  Vg  and  large  inductor  L,  are 
equivalent  to  a current  source  to  the  inverter  input.  By  controlling  the  power  electronics 
devices,  which  are  IGBTs  with  anti-parallel  diodes  as  in  Figure  3.1  or  series  diodes  as 
in  Figure  3.2,  the  output  voltage  or  current  of  the  inverter  will  be  a series  of  pulses. 
The  pulses  with  high  voltage  or  current  then  pass  an  L-C  filter  which  partially  filters  out 
harmonics.  The  load  is  equivalent  to  a resistance  R.  These  are  two  fundamental 
topologies  of  the  DC-AC  inverter  used  in  power  electronics  applications.  In  the  analysis 
of  this  dissertation,  the  VSI  inverter  as  in  Figure  3.1  is  used  in  most  cases. 
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Figure  3.1  DC-AC  VSI  inverter 
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Figure  3.2  DC-AC  CSI  inverter 
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There  are  various  switching  patterns  to  control  the  switching  devices  SI  ~ S4.  A 
simple  example  is  that  each  half  leg  conducts  a half  cycle  on  the  basis  of  60  Hz.  The 
output  of  the  inverter  will  be  a square  wave  with  peak-to-peak  value  being  Vg  in  VSI  or 
I,  in  CSI  respectively.  Nevertheless,  the  square  waveform  contains  very  rich  harmonics, 
especially  low  order  harmonics  which  obviously  do  not  meet  the  requirement  here.  On 
the  other  hand,  the  square  wave  output  does  not  provide  the  flexibility  of  changing  the 
fundamental  component  in  the  output.  The  fundamental  component  in  the  output  is 
determined  by  the  DC  voltage  or  current  which  is  not  flexible  to  change  [38,39], 

Another  very  popular  control  technique  of  switching  devices  is  Pulse-Width- 
Modulation  (PWM)  in  which  the  pulses  have  variable  width  and  high  frequency.  The 
on  and  off  states  of  the  devices  correspond  to  the  pulses  with  a pattern  of  "1"  or  "0". 
The  PWM  pulses  are  generated  by  comparing  two  signals,  with  one  being  the  high 
frequency  carrier  signal  and  the  other  being  the  low  frequency  control  signal.  The  carrier 
signal  is  periodic  and  normally  is  a high  frequency  ramp  or  triangle  function.  The 
control  signal  determines  the  pattern  of  the  output  of  the  converter  if  the  peak  value  of 
the  control  signal  is  smaller  than  that  of  the  carrier.  Figure  3.3  and  Figure  3.4  show  the 
relationship  of  the  these  signals.  When  the  control  signal  is  greater  than  the  carrier 
signal  at  a particular  instance,  the  pattern  is  "1";  otherwise  it  is  "0H.  All  of  the  signals 
are  low  power  and  low  voltage  which  are  normally  used  as  gate  drives  with  buffers  for 
power  electronics  devices. 

The  advantage  of  PWM  DC-AC  inverters  is  significant.  The  PWM,  based  on  the 
variable  width  of  pulses  and  fast  switching,  has  little  harmonic  distortion  in  the  output 
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waveforms.  Fast  switching  eliminates  low  order  harmonics.  Also,  the  fundamental  output 
is  controllable  by  the  gate  signal  pattern  without  changing  the  DC  source.  Therefore, 
the  PWM  technique  has  two  advantages:  1)  It  decreases  harmonic  distortions,  and  2)  It 
offers  flexibility  of  control  according  to  the  requirement  in  the  power  line.  Due  to  these 
advantages,  the  PWM  technique  is  used  for  power  quality  improvement,  because  this 
application  requires  low  harmonic  distortion  in  the  output,  and  control  of  the  fundamental 
voltage  in  the  power  system. 

The  input  to  output  relationship  of  the  DC-AC  inverter  has  a different  form,  as 
we  will  see  in  the  following  chapters  when  dealing  with  the  dynamics  of  the  converters. 
Nevertheless,  a simple  relationship  between  input  and  output  can  be  used  to  explain  the 
inverter.  Taking  the  VSI  as  an  example,  assuming  the  control  signal  is  a pure  sinusoidal 
function  as  in  Figure  3.3,  the  output  voltage  of  the  VSI  is  determined  by  the  DC  voltage 
source  and  a ratio  of  control  signals,  as  in  equation  (3.1): 

vo  = ma  * -y  (3-1) 

where  V0  is  the  peak  value  of  output  voltage  and  Vg  is  the  DC  voltage.  The  m,  is  the 
modulation  index  which  is  determined  by  the  ratio  of  the  peak  of  carrier  and  control 
signals,  as  in  equation  (3.2). 


vr 


ma  = 


peak  of  carrier 


Vpeak  of  control 


(3.2) 
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Figure  3.3  Carrier  waveform  and  control  waveform 
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Figure  3.4  Pulse-Width-Modulation  waveform 
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From  equation  (3.1),  the  maximum  peak  value  of  the  output  voltage  is  0.5  Vg. 
The  modulation  index  is  normally  kept  under  1 to  avoid  waveform  distortions.  The 
relationship  between  input  voltage  and  output  fundamental  voltage  is  important  because 
the  DC  voltage  can  be  determined  by  the  required  maximum  output. 

Another  factor  is  the  frequency  ratio,  defined  as  the  ratio  of  carrier  signal  to 
control  signal,  assuming  the  frequency  of  control  signal  is  kept  constant.  It  is  required 
that  this  ratio  be  high  enough  to  achieve  low  harmonic  distortions.  The  switching 
frequency  is  restricted  by  the  power  electronics  device  turn-on  and  turn-off  time. 
Consequently,  high  switching  frequency  increases  switching  losses  which  ultimately 
reduces  the  efficiency  of  the  converter.  These  facts  are  important  in  PWM  DC-AC 
inverters. 

A detailed  analysis  of  CSI  PWM  DC-AC  inverters  is  provided  by  Ngo  [29].  In 
the  following,  a detailed  analysis  of  the  VSI  PWM  DC-AC  inverters  is  performed,  for 
the  applications  in  power  quality  improvement.  The  analysis  is  based  on  the  different 
distribution  loads  at  the  Custom  bus.  Several  models  are  discussed  for  analysis  and 
linear  control  system  design,  as  described  in  the  next  chapter. 

3.2  Single-Phase  PWM  DC-AC  Inverter  Modeling 

This  section  will  study  the  single-phase  PWM  DC-AC  inverter  modeling  from  a 
control  viewpoint.  The  next  section  will  develop  the  dynamic  three-phase  PWM  DC-AC 
inverter  modeling.  The  models  as  developed  are  based  on  the  low  frequency  describing 
functions,  for  which  the  details  are  discussed  by  Ngo  [29]. 
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A widely  used  nonlinear  low  frequency  model  is  based  on  the  State-Space  - 
Averaging  (SSA),  in  which  the  state  space  equations  are  derived  from  different  operation 
modes  [40,41].  In  the  following  analysis,  it  is  assumed  that  the  switching  frequency  of 
the  PWM  is  arbitrarily  high.  Thus,  the  equations  as  described  herein  only  contain  the 
low  frequency  features  compared  to  the  high  frequency  switching  [29]. 

Figure  3.5  shows  a single-phase  DC- AC  bridge  inverter  system  with  a simplified 
distribution  line.  The  inverter  supply  voltage  Vg  is  assumed  to  be  a constant  voltage 
source.  The  distribution  line  has  two  nodes  with  one  being  the  feeder  bus  Vbus,  and  the 
other  the  Custom  bus  Vcus.  The  Custom  load  is  assumed  to  have  a static  load  with 
equivalent  resistor  and  inductor  to  ground.  An  isolation  single-phase  transformer  is  used 
to  connect  the  inverter  to  the  distribution  line. 


Figure  3.5  Series  converter  with  simplified  system  model 
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In  the  inverter  circuit,  each  phase  leg  has  a switch  pair,  e.g.  S1/S4  and  S2/S3. 
The  voltages  at  V,  and  Vb  are  related  to  the  DC  bus  voltage  by  the  duty  ratios. 
Assuming  the  duty  ratio  for  each  phase  leg  of  the  inverter  is  d„(t)  and  db(t)  respectively, 
the  voltages  at  V,  and  Vb  will  be  da(t)*Vg  and  db(t)*Vg,  referring  to  the  negative  point  of 
the  DC  bus.  Notice  that  the  duty  ratios  only  reflect  the  low  frequency  features. 

By  defining  the  effective  duty  ratio  d(t)  as  in  (3.3), 

d[t)  = da(t)  - db(t)  (3.3) 

one  can  relate  the  voltage  difference  vab  to  the  effective  duty  ratio  by 

vab  = d(t)Vg  (3.4) 

Thus,  the  state  space  equations  in  the  filter  circuit  of  the  inverter  can  be  derived  based 
on  the  SSA  technique  [40,41]. 

■L-^r  = ~vc+d(t)Vg  (3.5) 


(3.6) 


The  current  of  the  transformer  i„  is  related  to  the  Custom  bus  voltage  through  an 
impedance  with  an  equivalent  resistance  RL  and  inductance  Ll. 


Vcua  ^L1  o 


(3.7) 


The  Custom  bus  voltage  vcu>  is  related  to  the  inverter  output  voltage  v0  as  in  (3.8).  It  is 
also  noticed  that  the  capacitor  voltage  vc  is  actually  the  inverter  output  voltage  v0. 
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(3.8) 


v. 


O 


V , 


c 


(3.9) 


Thus,  the  unknown  variables  in  the  above  state  space  equations  are  only  the  state 
variables,  the  inputs  and  output  voltage.  Notice  that  there  are  two  inputs  in  the  state 
space  equations.  One  is  the  effective  duty  ratio  d(t),  the  other  is  the  feeder  voltage  vbUi. 

Solving  the  equations  (3.5)  ~ (3.9)  by  first  taking  the  Laplace  transform,  one  can 
obtain  the  dynamic  equations  in  the  frequency  domain. 


In  order  to  obtain  the  control-to-output  transfer  function,  the  feeder  voltage  Vblu 
is  assumed  to  be  zero,  which  yields 


The  effect  of  the  distribution  system  voltage  Vbus  on  the  Custom  bus  voltage  VCUJ, 
will  be  discussed  in  detail  in  the  next  chapter.  The  equation  (3.12)  is  the  dynamic  model 
of  the  single-phase  PWM  DC-AC  inverter,  based  on  the  State-Space- Averaging 
technique.  In  order  to  verify  the  validity  of  the  developed  model,  a comparison  of  the 
results  from  both  the  dynamic  model  based  on  the  State-Space-Averaging  technique  and 
the  real  inverter  circuit  is  made. 


(3.10) 


where  Y(S)  is  given  by  (3.11),  which  indicates  a third  order  system. 


Y{S)  = Rl+  (Ll+L)  S+LRlCS2+LlLCS3 


(3.11) 


(3.12) 


48 

By  substituting  the  inverter  and  Custom  load  parameters  from  the  miniature 
distribution  system  model,  the  transfer  function  can  be  obtained  for  a particular  case. 
As  introduced  in  Chapter  2,  the  power  system  is  208  V line-to-line  thus  a 120  V phase 
voltage.  The  maximum  Custom  load  is  3 kVA  which  has  an  equivalent  impedance  based 
on  208  V: 

Rl  = 12.2  fl,  Ll=20  mH, 

The  DC  voltage  supply  is  Vg  = 180  V.  The  inverter  filter  parameters  are  as  follows: 

L = 0.256  mH,  C = 95  uF, 
with  a comer  frequency  of  1.02  kHz. 

Figure  3.6  shows  three  curves  overlapping  together  with  the  desired  waveform, 
the  output  voltage  waveform  with  the  real  converter  and  that  using  the  transfer  function. 
They  are  so  close  that  little  difference  is  observed.  Therefore,  it  appears  that  the  transfer 
function  may  be  used  for  analysis  and  control  system  design. 


Figure  3.6  A comparison  of  output  voltage  with  converter  and  transfer  function 
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3.3  Three-Phase  PWM  DC-AC  Inverter  with  Uecoupled  Network  Loads 

The  previous  section  derives  the  dynamic  model  of  the  single-phase  PWM  DC-AC 
inverter,  in  which  the  power  system  is  equivalent  to  a single-phase,  simplified  system. 
The  DC-AC  inverter  is  a single-phase  full-bridge  circuit.  However,  the  distribution 
power  systems  are  three-phase,  as  shown  in  Figure  2.2  and  Figure  2.3.  Therefore,  the 
three-phase  DC-AC  inverter  must  be  applied  in  general.  In  this  section,  a dynamic 
model  of  the  three-phase  DC-AC  inverter  is  developed. 

A widely  used  three-phase  DC-AC  inverter  based  on  the  voltage  source  supply 
is  shown  in  Figure  3.  7.  The  three-phase  feeder  voltages  are  Vbus.»,  Vbus_b,  and  VblUHC. 
The  Custom  voltages  are  Vcus.4,  Vcus.b,  and  VCIMHC.  The  inverter  has  three  phase  legs  with 
six  switches.  Each  phase  leg  has  two  complementary  switches.  As  in  the  case  of  many 
three-phase  systems,  the  three  phases  of  this  inverter  are  coupled.  Nevertheless,  the 
control  signals,  which  are  the  duty  ratios  of  each  phase  leg,  are  independent.  This  is  due 
to  the  fact  that  the  applications  as  discussed  in  this  dissertation  may  include  an 
unbalanced  situation.  One  typical  example  is  the  line-to-ground  fault,  which  causes 
unbalanced  voltage  sags  at  the  Custom  bus.  Therefore,  the  control  function  for  each 
phase  must  be  developed. 

In  the  case  of  unbalanced  and  coupled  three-phase  systems,  the  three  phases  may 
be  decoupled  by  using  a transformation  of  variables  from  the  abc  domain  to  another 
reference  frame.  There  are  several  transformations,  depending  on  the  different 
applications.  As  introduced  in  Chapter  1,  the  transformation  from  an  abc  system  to  a 
Ofb  system  can  be  applied  to  three-phase  inverter  applications.  The  detailed  theoretical 
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Vbus-c  Vbus-b  Vbus-a 


Figure  3.7  Three-phase  DC-AC  inverter 

background  is  provided  by  White  [30].  Appendix  B-l  lists  the  transformation  matrices 
and  their  related  operations.  As  will  be  shown  later,  the  coupled  three-phase  inverter 
system  can  be  transformed  to  a decoupled  two-phase  system.  It  will  be  further  shown 
that  the  original  three-phase  inverter  system  is  equivalent  to  three  single-phase  system, 
from  the  control  point  of  view. 

In  deriving  the  dynamic  equations  for  the  three-phase  PWM  DC-AC  inverter  with 
static  load,  certain  assumptions  are  applied  as  follows. 

(1)  The  reference  frame,  in  which  the  transformation  matrices  are  applied, 
has  a fixed  frequency.  The  frequency  is  assumed  to  be  the  base  frequency  of  the 
distribution  system,  i.e.  60  Hz. 

(2)  The  inverter  has  a fixed  DC  voltage  supply.  This  assumption  is  made 
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to  exclude  the  DC  voltage  as  a control  variable.  Nevertheless,  the  DC  bus 
voltage  may  have  harmonic  ripple. 

(3)  The  duty  ratios  of  the  switches  in  the  three-phase  inverter  are  the  only 
control  signals  for  the  inverter. 

(4)  The  load  of  the  inverter  is  a decoupled  static  load. 

Under  these  assumptions,  the  dynamic  equations  of  the  three-phase  system,  as 
shown  in  Figure  (3.7),  can  be  derived  according  to  the  Kirchhoffs  Voltage  Laws  (KVL). 


As  in  a single-phase  DC-AC  inverter,  the  duty  ratio  at  each  phase  leg  is  taken  as 
a pair.  Assuming  the  duty  ratio  switch  pairs  for  the  three-phase  inverter  are  d^/d^, 
dbl/db2,and  dcl/dc2,  one  can  obtain  the  voltages  at  each  half  leg,  as  described  in  the 
previous  sections.  Meanwhile,  the  voltage  drop  at  each  filter  inductor  can  be  expressed 
in  terms  of  its  current.  Thus,  the  equations  (3. 13)  — (3. 15)  can  be  rewritten  as  in 
(3. 16)  ~ (3. 18),  respectively. 


(3.13) 


(3.14) 


(3.15) 


(3.16) 
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dt2Vg  = L^f+vbo+voy  (3.17) 

dc2vg  = L^+Vco+VoY  (3.18) 

Because  of  the  ungrounded  neutral  point  of  the  inverter,  the  sum  of  the  three- 
phase  inductor  currents  is  zero,  so  is  the  sum  of  their  derivatives. 

+ + = 0 (3.19) 

dt  dt  dt 

Adding  equations  (3. 16)  ~ (3. 17)  and  applying  (3. 19),  one  can  obtain  the  unknown 
variable  VoY.  Then,  the  state  space  equations  can  be  rewritten,  in  a matrix  form  as 
(3.20).  For  convenience,  the  duty  ratios  d^,  db2,  and  dc2  are  replaced  by  d„  db,  and  dc 
respectively. 


L 0 O' 
0 L 0 
0 0 L 


dila 

[ 2 

dt 

3 

diit 

_ 1 

dt 

3 

dil  c 

_ 1 

dt  . 

3 

1 

3 

2 

3 

_1 

3 


1 

3 

2 

3 

1 

3 


da 

db 

dc 


Vg  (3.20) 


Meanwhile,  the  currents  at  nodes  a,b,c  must  obey  the  constraint,  according  to  the 
Kirchhoff  s Current  Laws  (KCL).  A matrix  form  is  provided  in  (3.21),  in  which  the 
currents  i„  ib  and  ic  represent  the  load  currents.  Assuming  the  inverter  supplies  a full 
voltage  to  the  Custom  load,  i.e.  the  feeder  voltage  is  zero,  and  the  Custom  load  is  a 
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dv. 


dt 

PH 

PH 

C 0 

0 

0 c 

n 

dvbo 

h 

dt 

[o  0 

c\ 

dvco 

HJ 

ic. 

dt 


(3.21) 


static  load  with  an  equivalent  resistance  RL  and  inductance  Ll,  one  can  obtain  the 
equations  for  inverter  output  voltages  and  currents. 


\di* 

\LL  0 01 

dt 

\Rl  0 01 

PH 

HI 

0 Ll  0 

dlb 

dt 

= - 

0 Rl  0 

*b 

+ 

vix> 

0 0 Ll 

dic 

0 0 rl 

vco 

dt 

The  equations  (3.20)  ~ (3.22)  constitute  the  basic  state  space  equations  in  the  inverter 
circuit  including  the  Custom  load.  The  equations  are  linear  in  that  the  coefficients  are 
constant.  Nevertheless,  three  subequations  in  (3.20)  are  coupled  each  other.  Therefore, 
a transformation  to  another  coordinate  system  is  needed. 

As  used  by  Ngo  [29]  and  White  [30],  the  transformation  from  the  abc  domain  to 
the  Ofb  domain,  is  applied  to  transform  the  above  equations  (3.20)  ~ (3.22).  Appendix  B-l 
lists  the  transformation  matrix  T and  its  related  algebraic  operations.  For  convenience, 
the  equation  (3.20)  is  first  substituted  by  (3.21).  Thus,  the  transformation  is  only  applied 
to  three  sets  of  matrices,  as  in  (3.23)  ~ (3.25). 


da 

' do 

db 

= T 

df 

dc 

d b. 

(3.23) 
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Vao 

vo 

ViPO 

= T 

vf 

?co. 

vb 

ia 

j’O 

b 

= T 

if 

ib 

(3.24) 


(3.25) 


It  is  also  noticed  that  in  the  Ofb  system,  the  zero  components  are  zero  because 
of  the  fact  that  the  sum  of  the  three  inductor  currents  is  zero.  Therefore,  each  matrix 
in  (3.20)  ~ (3.22)  is  reduced  to  a second-order  matrix  with  only  f and  b components.  After 
applying  the  transformation  equations  and  algebraic  matrix  operations  as  listed  in 
Appendix  B-l,  one  can  obtain  a new  set  of  the  differential  equations  in  the  Ofb  domain, 
as  in  (3.26)  and  (3.27). 


' d2vf 

dvf 

LC  0 

dt2 

+ o 

-J0)LC  0 

dt 

-0 >2LC  0 

O 

d2vb 

* z 

0 JO)  LC 

dvb 

0 -o )2LC 

Xb 

. dt2 . 

dt. 

f dif\ 

1 0 

vf 

L 0 

dt 

-JO)  LC  0 

if 

0 1 

vb 

0 L 

dib 

0 J0)LC 

ib. 

dt. 

1 o' 

df 

.0  1. 

db 

(3.26) 
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Ll  o' 

0 Ll 

It  is  noticed  that  the  equations  in  (3.26)  and  (3.27)  are  decoupled.  By  taking  the 
Laplace  transform,  one  can  obtain  the  transfer  functions  in  both  f and  b axes. 


dif 

dt 

dib 

dt 


RL-jdLLC  0 

0 RL+juLLC 


1 0 
0 1 


(3.27) 


Hf(S) 


Vf(S) 

Df(S) 


LCS2-2j(ALCS-(i)2LC+l 


A LS-jtoL 
LlS+Rl-juLl 


(3.28) 


H IS)  = V*(g)  . Yi 

Db(.S)  LC52+2jwLC5-0)zLC+1+ LS+juL (3.29) 

LlS+Rl+ J 

The  transfer  functions  (3.28)  and  (3.29)  are  not  in  the  standard  form,  because  it 
is  found  that  this  form  is  more  convenient  to  use  than  the  standard  form. 

By  using  the  inverse  transformation  from  the  Ofb  to  the  abc  system,  three  control 
signals  in  the  abc  domain  can  be  obtained,  according  to  the  inverse  transformation,  as 
listed  in  Appendix  B-l. 


da  = e~J'6df  + 

e*db 

(3.30) 

db  = e_J’(0'12°O)df  + 

ej  (9-120°)^ 

(3.31) 

dc  = e^(0+12O°>df  + 

ej  (0*120°)  db 

(3.32) 

The  Laplace  transform  of  (3.30)  ~ (3.32)  yields 
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Da(S)  = Df  ( 5+ j(d ) +Db  ( S-j  (0 ) 

(3.33) 

Db(S) 

= e1120°Df  (5+jo)  +e~:ll20ODb(S-j<j3) 

(3.34) 

DC(S) 

= e~J120°Df{S+jo))  +ejl20ODb{S-ju) 

(3.35) 

On  the  other  hand,  one  can  obtain  the  output  voltages  in  abc  domain  by  using  the 


same  inverse  transformation. 

vao  = e'J0vf  + eJ'dvb  (3.36) 

= e --7(0-120°)  + ei(e- 120°)^  (3.37) 

vco  = e-J(e*i2o°)Vf  + ej  (0+i2o°)  Vb  (3.38) 

The  Laplace  transform  of  (3.36)  — (3.38)  yields 

Vao(S)  = Vf(S+jo) +Vb(S-ju)  (3.39) 

V^is)  = eJ120°Vf(S+ju)  +e-1120°Vb(S-ja)  (3.40) 

Vco(s)  * e-*12°QVf(S+j<i>) +e*120°vb[s-j<d)  (3.41) 


The  right  side  of  (3 . 39)  — (3.41)  can  be  substituted  by  the  transfer  functions  of 
(3.28)  and  (3.29).  It  is  noticed  that  the  operators  of  the  transfer  functions  have  to  be 
changed  to  S+j'cj  and  S-jw  for  H^S)  and  Hb(S),  respectively.  From  (3.28)  and  (3.29), 


one  obtains 
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Vf(5+jo)  = 


Df(S+j Q))  Vg 

LCS2+ 1 + — 

lls+rl 


(3.42) 


Vb(S-ju)  = 


Db{S-ja)  Vg 

LCS2  + 1 + — 

LlS+Rl 


(3.43) 


Using  (3.42)  and  (3.43)  to  substitute  into  (3.39)  — (3.41),  and  further  substituted  by 
(3.33)  — (3.35),  one  can  obtain  the  output  voltage  for  each  phase. 


Vao(S)  = 


{Rl+SLl)  vg 


Rl+  ( Ll+L)  S+LRlCS2+LlLCS:> 


DAS) 


(3.44) 


V^S)  = 


( Rl+sll  ) vg 


Rl+  ( Ll+L ) S+LRlCS2+LlLCS 3 


V-s) 


(3.45) 


Vco(5)  = 


(i?x^LL)  Vg 


i?L+  ( Ll+L)  S+LRlCS2+LlLCS 3 


^(5) 


(3.46) 


The  results  in  (3.44) — (3.46)  show  that  the  three-phase  output  voltages  are 
determined  by  their  own  control  signals,  i.e.  the  duty  ratios.  There  is  no  coupling 
between  phases.  The  transfer  functions  of  the  three  phases  are  independent  and  have  the 
same  form  as  in  (3.47). 


H(S)  = V{S)  = (Xl+SLl)  Vg 

D(s)  Rl+{Ll+L)  S+LRlCS2+LlLCS3 


(3.47) 


From  the  analysis  in  the  previous  section,  where  a single-phase  inverter  system 
is  used,  the  transfer  function  of  the  three-phase  system  (3.47)  is  the  same  as  that  of  the 
single-phase  inverter  (3.12). 
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Therefore,  from  an  analysis  point  of  view,  the  three-phase  inverter  can  be 
equivalent  to  three  single-phase  inverters.  Also,  the  compensator  design  in  the  control 
system  can  be  based  on  each  phase  rather  than  a three-phase  Ofb  model.  This  simplifies 
the  analysis  and  control  system  design  to  a great  extent.  This  conclusion  is  based  on  the 
special  assumptions  made  in  this  section.  An  additional  constraint  is  that  the  neutral 
point  of  the  inverter  filter  is  floating,  thus,  the  sum  of  three-phase  currents  is  zero.  The 
conclusion  derived  in  this  section  is  also  verified  in  Chapter  5 by  comparing  the  detailed 
simulation  results  of  the  three-phase  inverter  and  three  single-phase  inverters. 

3.4  Three-Phase  PWM  DC-AC  Inverter  with  Dynamic  Machine  Loads 

In  the  previous  section,  a static  load  without  coupling  between  the  phases  was 
assumed  at  the  Custom  bus.  It  was  shown  in  a detailed  derivation,  that  an  equivalent 
single-phase  DC-AC  bridge  inverter  can  be  used  for  analysis.  In  this  section,  a typical 
three-phase  dynamic  load  in  distribution  systems  (rotating  electrical  machinery)  is 
considered.  Accordingly,  the  control  system  design  will  be  based  on  this  different 
application,  as  discussed  in  the  next  chapter. 

It  is  assumed  that  the  Custom  bus  serves  a typical  three-phase  squirrel  cage 
induction  motor  load.  The  dynamic  equations  including  the  three-phase  inverter  and 
motor  will  have  a higher  order  than  the  static  load.  As  discussed  before,  the 
transformation  from  one  coordinate  system  to  another  is  applied.  The  main  difficulty  is 
that  the  inverter  and  motor  load  have  to  be  transformed  to  the  same  reference  frame.  In 
the  previous  section,  a system  based  on  the  backward  and  forward  elements  was 
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discussed.  In  transforming  rotating  machinery,  the  equations  based  on  the  Ofb  system 
are  still  coupled  during  the  transient  [30].  Therefore,  the  overall  system  equations  will 
be  coupled,  due  to  the  coupling  in  the  motor  load. 

Krause  [26]  adopts  an  abc-qdO  rotating  reference  frame  transformation,  based  on 
real  numbers  for  the  transformation  matrices.  Murai  et  al  [27]  et  al  use  abc-qdO 
transformation  for  inverter  and  motor  drive  applications.  In  rotating  machinery,  the  abc 
model  equations  contain  time-varying  coefficients,  with  both  the  magnitude  and  phase 
angle  changing.  By  using  an  appropriate  transformation  from  the  abc  domain  to  the  qdO 
domain,  the  coefficients  become  time-invariant.  Nevertheless,  the  equations  on  the  q and 
d axes  are  still  coupled,  but  the  coupling  is  weakened.  Since  our  system  equations  are 
coupled  anyway,  the  abc-qdO  transformation  will  be  used  to  transform  the  equations. 
Also,  a reference  frame  based  on  the  motor  synchronous  speed  is  assumed  for  all  of  the 
transformations.  Thus,  the  reference  frame  has  an  angular  speed  with  the  base  frequency 
of  the  power  system. 

As  discussed  in  Chapter  2,  the  electrical  transient  is  much  faster  than  the 
mechanical  transient  in  the  motor  load.  Therefore,  only  the  electrical  transient  is 
important  in  Custom  Power  applications.  A constant  mechanical  speed  is  assumed  in  all 
of  the  applications.  Under  this  assumption,  the  dynamic  equations  of  the  induction  motor 
become  linear  with  a fixed  speed,  but  with  electrical  transients  taken  into  account.  The 
Laplace  transformed  induction  motor  equations  based  on  the  assumed  qdO  system  can  be 
derived  from  Krause  [26],  as  listed  below. 


Vg8(S)  = {rg+SLa)  Igg{S)  +XggIdB{S)  +SLuIqz(S)  +XmIdz{S)  (3.48) 
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vds  ( s)  = ~X„IV  (S)+(  rg+SLg)  Id3  ( 5)  ( 5)  +SL/*  ( 5) 

V'gr  (5)  = SLmIqs  (5)  +nXmIds+  (rz+SLz)  Iqg  (S)  +nXrIdz  (S) 
(S)  =-nXmIqg  (S)  +SLmIdg{S)  -nXz  1^  (S)  + (rr+5Lr)  Jdfl  (5) 


or  in  matrix  form 


'v 

(S)' 

A B 

'iqda(s) 

y«r 

(5) 

C D 

.^(5) 

where  n is  the  motor  slip  and  given  by  (3.53), 

(0  -g 
n = — £ — 

and  A,B,C,D  are  given  as  follows. 


r8+SL8 

X3s 

. ~Xss 

rg+SL 

SLm 

B = 

[-Xm 

SL* 

8. 


c = 


ri+SLr 

xir. 

~*rr 

rz+SLz 

if 

1 

r*xm 

SL*. 

(3.49) 

(3.50) 

(3.51) 

(3.52) 

(3.53) 

(3.54) 

(3.55) 

(3.56) 


D = 


(3.57) 
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The  machine  parameters  used  in  this  study  are  listed  in  Appendix  A. 

Assuming  a squirrel  cage  motor  is  used,  where  Vdr(S)=Vqr(S)=0,  one  can  obtain 
the  transfer  functions  between  the  machine  terminal  stator  voltages  and  currents  in  matrix 
form. 

Vqd[S)  = (A  - BC-XD)  Igd{S)  (3.58) 

From  the  equations  (3.48)  — (3.58),  the  q-axis  and  d-axis  of  the  motor  equations  are 
coupled.  The  coupling  is  not  obvious  from  the  machine  parameters  and  also  is  a function 
of  the  motor  speed.  Therefore,  computer  simulations  are  recommended  to  investigate 
the  diagonal  and  off-diagonal  transfer  functions,  which  is  discussed  in  next  chapter. 

Also,  the  three-phase  inverter  can  be  transformed  to  the  qdO  domain  using  the 
same  transformation.  One  can  start  from  the  equations  (3.20)  and  (3.21)  as  used  in  the 
last  section  and  apply  the  abc-qdO  transformation  as  listed  in  Appendix  B-2.  Also,  the 
feeder  voltage  is  assumed  to  be  zero,  thus  the  inverter  supplies  a full  voltage  to  the 
Custom  load.  Corresponding  to  the  results  based  on  the  transformation  between  the  abc 
domain  and  Ofb  domain,  as  performed  in  the  last  section,  the  dynamic  equations  of  the 
inverter  in  qdO  domain  can  be  obtained. 

Vqd(S)  = E-'FI^iS)  + E-'Dqd(S)  (3.59) 


where  the  matrices  E and  F are  given  by  (3.60)  and  (3.61). 


62 


E = 


'52LC-G)2LC+1  2 SaLC 

-2SULC  S2LC~U)2LC+1 


(3.60) 


SL  0 )L 


(3.61) 


F = 


-COL  SL 

Combining  the  equations  (3.58)  and  (3.59),  one  can  obtain  the  transfer  function 
including  the  inverter  and  motor  load  as  follows. 


Under  the  assumption  of  high  frequency  switching,  the  transfer  function  is  linear, 
if  the  motor  speed  is  assumed  fixed.  Nevertheless,  the  two  axes  are  coupled  together. 
The  mutual  coupling  is  highly  dependent  on  the  machine  parameters  in  both  motor  load 
and  inverter  filter  circuit.  With  a fixed  inverter  filter,  the  transfer  function  varies  with 
different  machine  parameters.  In  the  next  chapter,  the  transfer  functions  will  be  plotted 
for  typical  motor  parameters  and  speed  conditions,  in  dealing  with  the  compensator 
design. 

In  this  chapter,  the  dynamic  equations  of  the  inverter  are  derived  for  different 
applications.  The  next  chapter  will  use  these  equations  for  specific  control  system 
analysis.  The  theory  and  design  techniques  will  be  verified  by  computer  simulations. 
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CHAPTER  4 


CONTROL  SYSTEM  ANALYSIS 
4.1  General  Description 

This  chapter  discusses  the  control  techniques  used  for  the  DC-AC  inverter  in 
power  quality  improvement.  The  criterion  of  designing  is  that  the  control  system  should 
be  flexible  to  follow  changes  in  the  power  system.  The  changes  are  unknown  in  a sense 
that  the  feeder  suffers  random  abnormal  power  quality  phenomena.  The  control  system 
is  designed  in  such  a way  that  it  blocks  all  the  power  quality  problems  from  the 
important  load  which  is  the  Custom  Power  bus. 

In  addition,  the  Custom  load  has  uncertainties  as  well.  The  load  types  may  be 
changing  in  different  time  intervals.  This  chapter  investigates  a variety  of  loads  as  used 
in  distribution  systems.  Also,  the  different  operating  conditions  of  these  loads  are 
examined. 

In  the  application  of  harmonic  cancellation  as  described  in  the  literature,  the  DC- 
AC  inverter  is  controlled  in  such  a way  that  the  harmonics  are  blocked  at  the  feeder  side 
without  passing  into  the  Custom  bus  side.  The  control  technique  used  in  blocking 
harmonics  is  based  on  the  harmonic  compensations,  as  used  by  Peng  et  al  [10,11],  The 
output  of  the  DC-AC  inverter  compensates  the  system  by  subtracting  the  harmonics  from 
the  line.  Figure  4. 1 and  Figure  4.2  shows  a simplified  model  and  control  system  for  the 
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inverter.  Figure  4.1  shows  the  simplified  power  system  and  the  converter  model 
relationship  with  the  feeder  bus  (noted  as  Vbus)  and  the  Custom  bus  (noted  as  VCU1).  In 
Figure  4.2,  the  PWM  control  technique  is  used  in  which  the  control  signal  is  derived  by 
filtering  the  feeder  bus.  In  filter  design,  Nabae  et  al  [20]  propose  a high-pass  filter  based 
on  the  dq  model  to  subtract  the  harmonics.  Chicharo  et  al  [12]  apply  an  adaptive  signal 
processing  technique  to  retrieve  and  estimate  the  harmonic  contents.  In  both  these 
applications,  the  control  signal  is  derived  from  the  feeder  side.  There  is  no  control  to 
the  load  side,  i.e.  the  Custom  bus,  because  both  actually  adopt  the  open-loop  control 
structure. 


Figure  4.1  Simplified  power  system  and  converter  model 


Figure  4.2  Feedforward  open-loop  PWM  control 
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In  both  applications,  it  is  clear  that  the  inverter  output  is  "known"  so  that  the 
exact  harmonics  can  be  produced  by  inverters  and  fed  into  the  system.  The  Custom  bus 
remains  fundamental  because  the  feeder  has  fundamental  voltage  and  fundamental 
current.  If  the  feeder  does  not  contain  the  fundamental  voltage  or  if  the  feeder  voltage 
has  sags,  as  in  the  cases  of  voltage  outages  or  voltage  sags  corresponding  to  the  power 
quality  phenomena,  this  technique  is  not  valid.  Therefore,  a more  flexible  control 
technique  needs  to  be  developed  to  deal  with  all  power  quality  phenomena. 

The  closed-loop  control  based  on  "Bang-Bang"  control,  as  shown  in  Figure  4.3, 
partially  fulfills  the  requirement  in  power  quality  improvement.  Using  an  automatic 
tracking  system,  one  can  include  the  uncertainty  of  the  feeder  voltage  inside  the  closed- 
loop.  In  Figure  4.3,  the  measurement  factor,  i.e.  the  feedback  gain  is  assumed  to  be 
unity.  Therefore,  the  closed-loop  system  is  actually  tracking  the  reference,  which  is  a 
sinusoidal  waveform  with  specified  amplitude  and  frequency.  The  compensator  is 
designed  to  achieve  high  performance  of  the  closed-loop  system.  The  "Bang-Bang" 
switch  provides  output  pulses  according  to  the  error.  The  "Bang-Bang"  switching  is 
adaptive  in  the  sense  that  the  pulse  widths  are  adjustable,  depending  on  the  error  band. 

The  closed-loop  tracking  system  based  on  the  "Bang-Bang"  control  has  the 
advantage  of  following  the  reference,  even  if  the  feeder  loses  power.  Nevertheless,  the 
output  may  contain  harmonics  which  are  unpredictable.  The  frequencies  of  the 
harmonics  may  be  low,  if  a wide  band  exists.  The  unpredictable  low  frequency 
harmonics  increase  the  difficulties  in  filter  design.  Also,  the  fixed  compensator  in  the 
closed-loop  system  can  not  follow  the  changes  in  the  Custom  load. 
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Figure  4.3  Closed-loop  "Bang-Bang"  control 

In  the  following  sections,  detailed  analysis  will  be  provided  in  the  inverter  and 
system  modelling,  with  different  load  types.  A suitable  control  system  will  be  proposed 
for  each  type  of  loads.  The  effect  of  model  changes  will  be  investigated  as  well. 
Because  of  the  uncertainties  of  the  load  types  and  load  operation  conditions,  a closed-loop 
adaptive  control  technique  is  also  developed. 

4.2  Load  Dynamics 

Two  major  load  types  are  concerned  herein,  as  discussed  in  Chapter  3.  One  is 
the  uncoupled  static  load,  and  the  other  is  the  coupled  dynamic  machine  load.  The  static 
load  may  have  a different  configuration.  Chapter  3 assumes  an  equivalent  impedance 
installed  at  the  Custom  bus.  Based  on  the  equivalent  impedance  load,  some  other  load 
topologies  may  exist.  For  example,  a capacitor  may  be  installed  to  correct  the  power 
factor  at  the  Custom  bus.  Also,  the  impedance  may  change  depending  on  the  load  capacity. 
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A typical  dynamic  load  used  in  the  distribution  systems  is  rotating  machinery. 
Rotating  machines  are  very  different  from  static  loads  in  that  the  mechanical  system  may 
be  involved.  In  addition,  the  three  phases  in  dynamic  machine  loads  are  strongly  coupled 
to  each  other,  and  the  coupling  is  time-varying  during  the  transients.  Chapter  2 reveals 
a fundamental  difference  between  the  static  load  and  dynamic  machine  load,  in  reacting 
to  power  quality  problems.  As  discussed  before,  the  rotating  machine  typically  boosts 
its  terminal  currents  during  a voltage  sag,  while  a static  load  results  in  a current  sag 
responding  to  the  voltage  sag. 

In  the  following  analysis,  the  load  types  will  be  discussed  with  the  transfer 
functions  based  on  the  derivations  in  Chapter  3.  The  transfer  functions  are  described  in 
the  Bode  plots.  The  input  and  output  of  the  transfer  functions  are  all  the  same,  i.e.  the 
input  is  the  duty  ratio  and  the  output  is  the  Custom  bus  voltage,  assuming  the  inverter 
supplies  a full  voltage  to  the  Custom  bus. 

The  Bode  plot  of  the  transfer  function  with  a basic  load  type  is  shown  in  Figure 
4.4,  according  to  (3.12)  and  the  parameters  following  the  equation.  The  equation  (3.12) 
describes  a third-order  system,  but  the  high  frequency  region  has  only  a 40  dB/decade 
negative  slope.  This  is  due  to  the  zero  in  the  transfer  function,  which  produces  a 20  dB 
positive  slope  in  the  high  frequency  region. 

If  the  Custom  load  is  changed  from  3 kVA  to  0.3  kVA,  the  transfer  function 
changes  slightly.  The  comparison  can  be  seen  in  Figure  4.5.  However,  if  the  load 
topology  changes,  the  dynamic  behavior  can  change  dramatically,  as  can  be  seen  in 
Figures  4.6 — 4.9. 
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(a) 


(b) 


Figure  4.4  Bode  plot  of  the  transfer  function  with  3 kVA  static  load 
at  the  Custom  bus  (a)  Magnitude,  (b)  Phase  angle 


Phase  in  degree 


69 


(a) 


(b) 


Figure  4.5  Comparison  of  the  Bode  plot  of  the  Custom  load  with  3 kVA  and  0.3  kVA 

(a)  Magnitude,  (b)  Phase  angle 


Phase  in  degree  Magnitude  in  dB 
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(a) 


(b) 


Figure  4.6  Bode  plot  of  the  transfer  functions  with  extreme  cases:  (1)  R=0,  (2)  X=0 

(a)  Magnitude,  (b)  Phase  angle 
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(a) 


(b) 


Figure  4.7  Bode  plots  in  the  cases  of  the  static  load  in  parallel  with  capacitors 

(a)  Magnitude,  (b)  Phase  angle 


Phase  in  degree  Magnitude  in  dB 
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(b) 


Figure  4.8  Bode  plot  with  only  capacitor  load  at  the  Custom  bus 
(a)  Magnitude,  (b)  Phase  angle 


Phase  in  degree  ^ Magnitude  in  dB 
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(a) 


(b) 


Figure  4.9  Bode  plot  in  the  case  of  dynamic  machine  load  with 
different  operation  conditions  (a)  Magnitude,  (b)  Phase  angle 
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Each  of  the  Bode  plots  shown  as  follows  is  compared  to  the  base  case,  i.e.  the 
equivalent  impedance  load  with  3 kVA  208  V ratings.  If  the  load  has  only  a resistor  or 
reactor,  the  magnitude  changes  slightly.  Also,  the  high  frequency  region  is  not  affected. 
Nevertheless,  the  phase  shift  changes  in  the  low  frequency  region,  as  can  be  seen  in 
Figure  4.6.  The  deviations  are  more  significant  in  the  case  of  the  capacitive  loads. 
Figure  4.7  shows  the  Bode  plots  of  the  transfer  functions  when  the  Custom  bus  has  a 
variable  power  factor  capacitor.  The  magnitude  of  the  low  frequency  region  is  little 
affected,  but  the  phase  shift  becomes  larger  and  larger  with  increasing  the  capacitance. 
The  high  frequency  region  becomes  narrower  with  increasing  the  capacitance.  The  same 
phenomenon  exists  in  the  case  where  the  Custom  bus  has  only  a capacitor  load,  as  shown 
in  Figure  4.8. 

Furthermore,  the  Bode  plot  in  the  case  of  a dynamic  machine  load  is  shown  in 
Figure  4.9.  This  plot  is  derived  from  a uncoupled  single-phase  equivalent  induction 
motor  load.  In  general,  the  dynamic  behavior  is  different  from  the  static  load.  As 
shown  in  Figure  4.9,  both  the  magnitude  and  phase  angle  at  the  low  frequency  region  are 
affected.  The  effect  is  different  for  different  operating  conditions. 

The  above  analysis  can  be  further  extended  to  the  control  system  performance 
studies.  The  detailed  design  approaches  are  provided  in  the  following  sections.  From 
the  control  point  of  view,  the  loop  gain  is  assumed  to  be  high  over  a wide  range.  If  a 
closed-loop  control  system  is  designed,  the  gain  of  the  converter  should  be  high,  so  that 
the  output  follows  the  reference.  Meanwhile,  the  phase  shift  should  be  small  at  the  base 
operating  frequency,  i.e.  60  Hz.  Most  of  the  cases  discussed  above  have  a high  gain  in 
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the  low  frequency  region  except  for  the  dynamic  motor  loads.  Moreover,  the  capacitor 
loads  decrease  bandwidth.  These  are  the  main  concerns  in  the  control  system  analysis. 

Based  on  the  previous  analysis,  the  control  systems  are  developed  depending  on 
the  different  load  types.  The  load  types  fall  into  two  categories,  with  one  being  the  static 
load,  and  the  other  being  the  dynamic  load.  Furthermore,  an  adaptive  control  technique 
is  proposed  to  deal  with  the  model  changes  as  revealed  in  this  section.  In  all  of  the 
control  systems  developed,  the  closed-loop  system  is  used.  This  is  determined  by  the 
fact  that  the  closed-loop  system  is  capable  of  rejecting  disturbances  and  noises. 

4.3  Control  System  for  the  Inverter  with  Uncoupled  Network  Loads 

If  the  Custom  load  is  a static  load  without  mutual  coupling,  a single-phase 
equivalent  can  be  used  as  a model  for  control  system  design.  This  was  discussed  in 
Chapter  3 and  adopted  in  the  literature  as  in  [19,20,21,22,23,24,25].  In  addition,  the 
dynamic  equations  as  derived  in  Chapter  3 and  Bode  plots  as  shown  in  the  last  section 
can  be  used  for  design  purposes.  Furthermore,  the  classical  closed-loop  control  system, 
similar  to  that  shown  in  Figure  4.3  may  be  used  with  appropriate  modifications.  Figure 
4. 10  shows  the  basic  control  diagram. 

In  Figure  4.10,  the  "Bang-Bang"  switch  is  replaced  by  the  PWM  comparator. 
Also,  the  disturbance  and  noise  are  replaced  by  the  feeder  voltage  VbU4.  Because  the 
feeder  voltage  is  treated  as  a disturbance,  the  closed-loop  system  should  have  a high  loop 
gain  to  reject  the  effect  of  the  feeder  bus.  In  the  last  section  of  this  chapter,  an 
investigation  into  the  effect  of  the  feeder  bus  on  the  Custom  bus  voltage  is  performed. 
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AM 


Figure  4. 10  Closed-loop  system  with  PWM  control 


From  Figure  4.5 — Figure  4.7,  the  gain  in  the  low  frequency  region  in  all  cases  is 
high,  because  of  the  nature  of  the  DC-AC  inverter.  Nevertheless,  the  phase  shift  is 
different  during  steady  state.  If  the  loop  gain  is  maintained  high,  which  can  be  achieved 
by  increasing  the  gain  of  the  compensator,  the  phase  shift  may  not  be  so  significant  in 
the  overall  closed-loop  system.  Assuming  a unity  feedback,  the  compensator  can  be  only 
a phase  compensator  with  a lead  or  lag  phase  shift.  Under  this  circumstance,  a phase 
lead  compensator  can  be  designed  to  increase  the  phase  margin  of  the  loop  gain,  because 
the  gain  margin  is  high  in  all  cases.  The  increase  of  the  phase  margin  can  increase  the 
bandwidth.  Thus,  the  dynamic  response  can  be  fast. 
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As  an  example  of  the  compensator  design,  the  phase  margin  can  be  increased  to 
40°  for  the  inductive  static  load,  as  can  be  seen  in  Figure  4.11.  Unfortunately,  the  gain 
is  also  increased  in  the  high  frequency  region,  which  may  amplify  the  high  frequency 
resonance.  These  are  the  trade-offs  in  the  compensator  design  for  the  closed-loop 
system.  The  detailed  design  techniques  are  found  in  [42,43].  The  transfer  function  of 
the  resulting  phase  lead  compensator  is  described  in  the  equation  (4.1). 


H(S) 


1+7 . 54  *10~55 
1 + 1.3  *10_5£ 


(4.1) 


4.4  Control  System  for  the  Inverter  with  Dynamic  Machine  Loads 
The  analysis  of  the  static  loads  without  mutual  coupling  was  based  on  a single- 
phase system.  However,  this  technique  is  not  valid  for  dynamic  machine  loads  which 
have  strong  mutual  coupling  between  phases.  In  the  abc  domain,  the  mutual  coupling 
is  time-varying  in  that  the  machine  parameters  are  changing  with  different  rotor 
positions.  In  rotating  electrical  machine  analysis,  the  qdO  model  is  widely  used  to  change 
the  time-varying  parameters  into  time-invariant.  Nevertheless,  the  q and  d axes  are  still 
coupled  after  the  transformation,  as  discussed  in  Chapter  3.  The  coupling  varies  with 
different  machines,  however,  it  is  usually  weak.  Taking  the  specific  machine  used  in  this 
dissertation  as  an  example,  one  can  obtain  the  dynamic  equations  for  the  inverter  and 
motor  system.  The  dynamic  equations  of  the  motor  load  and  inverter  system  based  on 
the  qdO  system  have  been  derived  as  a transfer  function.  The  relationship  of  output 
voltages  and  input  duty  ratios  are  rewritten  as  in  (4.2). 
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(a) 


(b) 


Figure  4.11  Bode-plot  of  the  loop  gain  and  its  compensator 
(a)  Magnitude,  (b)  Phase  angle 
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Vqd(S) 


HggiS)  Hqd(S) 
Hdq[S)  Hdd(S) 


(4.2) 


where  Hqq(S)  and  Hdd(S),  Hdq(S)  and  Hqd(S)  are  the  diagonal  and  off-diagonal  elements, 
which  are  determined  by  (3.62). 

The  diagonal  elements  Hqq(S),  and  H^S)  are  equal  if  the  three  phases  of  the 
machine  are  symmetrical.  The  off-diagonal  elements  Hqd(S),  and  H^CS)  determine  the 
mutual  coupling,  and  normally  differ  only  in  phase  angle.  With  the  machine  parameters 
as  listed  in  Appendix  A,  the  transfer  functions  can  be  plotted,  as  shown  in  Figure  4.12. 

The  Bode  plot  of  the  magnitude  shows  the  diagonal  elements,  which  are  the 
transfer  functions  on  the  q and  d axes,  are  stronger  than  the  off-diagonal  elements.  The 
irregular  phase  diagram  of  the  off-diagonal  Hdq(S)  is  caused  by  the  software,  which 
bounds  between  180°  and  -180°.  The  phase  angle  of  Hqd(S)  is  not  shown  in  the  figure, 
because  it  actually  is  complementary  to  that  of  H^S).  From  the  transfer  functions  of 
the  diagonal  elements,  they  are  similar  to  those  in  the  static  loads. 

From  Figure  4.12,  the  transfer  functions  of  the  diagonal  elements  are  similar  to 
those  in  the  equivalent  r and  x loads,  as  well  as  the  steady  state  dynamic  machine  load 
in  no-load  case,  as  shown  in  Figure  4.4  and  4.9.  Therefore,  the  closed-loop  control 
system  as  used  in  the  uncoupled  static  load  is  proposed  here  for  both  q and  d axes.  Due 
to  the  high  loop  gain  of  the  closed-loop  system,  the  effect  of  coupling  between  q and  d 
axes  on  the  output  voltage  can  be  reduced  dramatically,  as  will  be  shown  later.  Figure 
4.13  shows  a complete  general  control  system  for  three-phase  applications. 
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(a) 


(b) 

Figure  4.12  Bode  plot  of  the  transfer  function  in  inverter  and  motor  system 

(a)  Magnitude,  (b)  Phase  angle 
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Figure  4.13  General  control  structure  for  dq  model 
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In  Figure  4.13,  the  three-phase  feeder  voltages  are  first  transformed  into  qd 
components  to  serve  as  the  reference  voltages  for  both  q and  d axes,  if  the  zero 
component  is  taken  to  be  zero.  Assuming  the  feeder  voltage  is  a balanced  three-phase 
system  during  steady  state,  one  can  obtain  the  transformed  components  on  both  q and  d 
axes.  In  case  the  feeder  contains  harmonics,  a low  pass  filter  can  be  used  to  extract  the 
fundamental  component.  Nabae  et  al  [20]  have  described  this  application.  As  a result, 
the  nominal  reference  voltage  can  be  set  to  1 pu  for  one  axis  and  zero  for  another.  Since 
the  objective  is  to  maintain  a full  voltage  for  the  Custom  bus,  the  magnitude  should  be 
kept  constant  at  all  times.  However,  the  phase  angle  at  the  Custom  bus  may  need  to  be 
changed  to  follow  changes  at  Vbus.  Since  this  is  dependent  upon  the  load  flow  of  the 
system  for  different  system  conditions,  the  phase  shift  change  is  much  slower  compared 
to  the  transient  phenomena.  Therefore,  a continuous  update  of  the  reference  can  be 
based  on  the  calculations  over  a longer  period.  Thus,  the  reference  can  be  adjusted  for 
the  phase  angle  without  changing  the  magnitude. 

In  Figure  4.13,  a closed-loop  control  system  is  used  for  both  q and  d axes.  The 
output  will  track  the  reference  as  set  by  calculation,  assuming  the  closed-loop  has  a high 
gain  for  both  axes.  Thus,  the  mutual  coupling,  as  determined  by  Hqd(S)  and  H^S)  in 
(4.1),  can  be  taken  as  a disturbance,  as  in  the  case  of  feeder  voltages  VbUM1,  V^. 
Starting  from  the  tracking  error  on  one  axis,  one  can  derive  the  coupling  effect  from  this 
axis  to  another.  As  an  example,  the  tracking  error  on  the  q axis  is  assumed  to  be  Eq(S) 
in  the  Laplace  form.  The  voltage  output  on  the  d-axis  Vcus^,  resulting  from  the  coupling 


can  be  derived  as  follows. 
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W-s) 


Hg(S)Hqd(S) 

1 +Hd(S)Hdd{S) 


E9(S) 


(4.3) 


Furthermore,  some  approximation  can  be  assumed  to  simplify  the  equation. 
Assuming  the  loop  gain  Hd(S)Hdd(S)  is  high,  and  the  compensators  on  both  axes  are  the 
same,  the  voltage  output  on  the  d axis,  due  to  the  coupling  from  the  q axis  can  be 
rewritten  as 


Vd,9(S)  - Mdq(S)  Eq{S)  (4.4) 

where  Mdq(S)  is  the  coupling  factor  and  determined  by 


Mdq[S) 


Hdq  (S) 
Hdd(S) 


(4.5) 


From  Figure  4.12,  the  coupling  factor  is  much  smaller  than  one  in  our 
application,  especially  at  low  frequency  region  and  very  high  frequency  region. 
Therefore,  the  coupling  is  weakened  by  the  closed-loop  system.  Furthermore,  the  right 
side  of  (4.4)  is  also  determined  by  the  error.  The  error  is  small  during  the  steady  state. 
Nevertheless,  a large  error  at  the  resonant  frequency  should  be  avoided,  in  order  to 
reduce  the  coupling  effect. 

According  to  the  above  analysis,  the  compensator  design  can  be  based  on  both  q 
and  d axes  separately.  Due  to  the  factor  that  the  loop  gain  of  the  closed-loop  system  is 
already  high  in  the  unity  feedback,  a simple  phase  lead  compensator  can  be  used  for  both 
axes  to  increase  the  bandwidth,  as  described  in  the  last  section.  Nevertheless,  increasing 
the  bandwidth  also  increases  high  frequency  ripple.  These  are  concerns  in  the  real 
system  design. 
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The  above  analysis  does  not  take  into  account  the  load  changes.  The  control 
system  design  is  only  valid  for  the  specific  load  type  under  specific  operating  condition. 
In  case  of  load  changes,  the  adaptive  control  must  be  applied  to  follow  the  changes  at  the 
Custom  bus. 


4.5  Adaptive  Control 

The  previous  two  sections  deal  with  the  applications  for  specific  loads,  namely 
uncoupled  static  loads  and  coupled  dynamic  loads.  The  control  systems  are  designed 
separately  for  each  specific  application.  Both  cases  assume  the  load  topologies  are  the 
same.  Also,  the  operating  conditions  are  not  changing.  However,  changing  of  the 
operation  conditions  changes  dynamic  behavior,  as  in  the  cases  of  variable  capacitance 
in  the  equivalent  impedance  load,  and  variable  speed  in  the  dynamic  machine  load.  As 
revealed  in  section  4.2,  the  load  change  has  a significant  effect  on  the  transfer  functions, 
especially  in  the  dynamic  machine  loads  and  capacitor  loads. 

This  section  describes  a control  system  which  deals  with  the  uncertainties 
involving  different  Custom  loads.  Specifically,  the  following  two  cases  are  examined: 
(1)  changes  in  the  operating  conditions  with  the  same  load  topology,  (2)  changes  in  the 
load  topology. 

The  criterion  to  select  the  control  system  must  take  the  following  two  facts  into 
account.  One  is  that  the  feeder  voltage  is  treated  as  a disturbance.  Moreover,  the  feeder 
voltage  may  have  large  voltage  changes.  Therefore,  the  closed-loop  control  has  to  be 
used  to  reject  the  effect  of  the  feeder  voltage  changing.  The  frequency  range  caused  by 
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the  sudden  changing  may  not  be  so  high,  because  power  systems  normally  have  a high 
damping  ratio  due  to  local  distribution  components.  The  second  is  that  the  load  changing 
causes  the  plant  model  to  change.  The  plant  model  change  is  time- varying,  in  that  the 
changes  of  different  load  types  and  operating  conditions  are  unknown.  The  fixed 
compensator  may  not  be  capable  of  tracking  of  the  desired  reference. 

In  dealing  with  plant  model  changes  of  a control  system,  an  adaptive  control 
technique  can  be  used.  In  addition,  in  order  to  reject  and  attenuate  the  effect  of  feeder 
voltage  and  mutual  coupling  in  dynamic  machine  model,  a closed-loop  adaptive  control 
system  must  be  applied.  This  section  will  discuss  the  details  for  using  adaptive  control 
in  the  application  of  power  quality  improvement. 

Before  introducing  the  adaptive  control,  a study  of  the  inverter  system  with 
different  load  conditions  is  performed.  According  to  the  dynamic  models  described  by 
the  Bode  plots  as  shown  in  Figure  4.4  — 4.9,  the  common  features  can  be  derived  as  the 
follows: 

(1)  Each  system  has  a high  gain  in  the  low  frequency  region,  due  to  the  nature 

of  the  DC-AC  inverter. 

(2)  In  the  high  frequency  region,  a negative  40  dB/slope  appears,  which 

resembles  a second  order  system. 

(3)  The  phase  margin  is  small  for  all  the  cases. 

From  these  features,  it  is  concluded  that  a same  control  law  can  be  used  for  all 
the  cases,  if  a closed-loop  control  system  is  applied.  Under  this  circumstance,  the 
parameters  of  the  controller  can  be  adjusted  by  using  an  adaptive  control  algorithm. 
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In  deriving  the  adaptive  control  system  for  the  applications  as  described  before, 
one  should  develop  a plant  model  which  has  the  same  characteristics  as  those  in  real 
system.  Since  the  plant  model  is  unknown  in  a sense  that  the  plant  parameters  are 
changing,  an  on-line  parameter  estimation  and  model  identification  technique  is  used. 
The  estimation  is  based  on  the  measurement  from  the  real  plant  input  and  output.  With 
the  estimated  plant  model  approaching  the  real  system,  the  parameters  of  the  controller 
are  updated  according  to  a formula  derived  from  the  desired  criterion.  Figure  4.14 
shows  a general  diagram  of  a closed-loop  adaptive  control.  The  notations  in  the  figure 
are  simplified,  but  the  original  notations  are  shown  in  parenthesis  as  well.  In  the 
following,  the  control  system  terminologies  of  plant  and  plant  model  are  used,  which 
represent  the  inverter  system  and  inverter  model  respectively. 


Figure  4.14  Closed-loop  adaptive  control  system 
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In  Figure  4.14,  the  compensator  parameters  are  calculated  based  on  the  plant 
model.  Dahlin  [44]  proposes  an  algorithm  to  synthesize  the  compensator  by  setting  a 
desired  closed-loop  behavior.  From  the  general  frequency  characteristics  as  shown 
before,  a desired  closed-loop  system  is  specified  as  follows. 

- sTX  (4'6) 


where  X is  determined  by  the  bandwidth  of  the  closed-loop  system. 

According  to  the  closed-loop  system,  which  takes  the  plant  model  G’  as  the 
controlled  system,  the  closed-loop  transfer  function  can  be  written  as  follows 


1+HG' 


(4.7) 


Then,  the  compensator  H can  be  represented  by  the  closed-loop  transfer  function 
and  plant  model  G\ 


- 1 K 
G'  1 -K 


(4.8) 


The  transfer  function  K(S)  is  replaced  by  K for  generality.  In  the  following,  the 
digital  domain  notations  will  be  used  for  implementation  purposes.  The  transformation 
from  a continuous  time  equation  to  discrete  time  equation  is  provided  in  Appendix  D. 
Thus,  the  discrete  time  equation  for  (4.6)  can  be  obtained,  as  described  in  Appendix  D. 


K(Z) 


Ts\ 

TaX+2 


Z+l 


Z+ 


TgX~2 

T8X+2 


(4.9) 


where  T,  is  the  sample  rate  of  the  digital  system. 
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Assuming  the  plant  model  is  a second  order  system 


G'  = 


1-  S a,Z~J 
i-i  J 


(4.10) 


The  compensator  H then  can  be  derived  as  in  (4.11),  which  is  the  general  synthesis 
formula  according  to  Dahlin  [44]. 


where  hu  and  h2j  are  determined  from  equation  (4.10)  by  comparing  the  coefficients  of 
operator  Z'1,  Z'2,  Z"3  and  so  on. 

In  the  adaptive  control,  the  coefficients  in  the  general  control  law  as  in  (4. 11)  are 
calculated  each  step  from  the  plant  model,  while  the  plant  model  is  determined  by  an 
adaptive  algorithm.  There  are  various  adaptive  algorithms.  The  general  rule  is  using 
a recursive  formula  to  estimate  the  plant  model.  Touchstone  et  al  [45]  and  Corripio  et 
al  [46]  developed  a recursive  formula  which  may  be  implemented  in  this  application. 

According  to  the  assumption  of  the  second  order  system  for  plant  model,  the 
output  of  the  plant  model  can  be  determined  by  a recursive  formula  as  in  (4.12), 


where  v is  the  output  of  the  plant  model  and  u is  its  input.  The  same  input  is  fed  into 
the  plant.  The  coefficients  at,  a2,  b0,  b,,  and  b2  are  the  estimated  parameters  of  the  plant 


HiZ'1)  = 


(4.11) 


(4.12) 


model. 
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Define  a column  vector  containing  the  input  u and  measured  output  y as  follows 

= [y*  y*-i  uk  ujc-i  u*_2]  (4-13) 

and  a column  vector  containing  the  input  u and  output  of  the  plant  model  v as  follows 

zk  = [vk  Vk.x  uk  uk_r  uk_2]  (4.14) 

and  a vector  of  the  model  parameters 

® = [i,  a2  £„  4 (4.15) 

By  setting  suitable  initial  values,  the  following  recursive  formula  can  be  used  to 
update  the  model  parameters  <f>. 

Kk=  (1  +zjpkxk)-1z£pk  (4-16) 

+ (yjc+i  - ****)**  (4-i7) 

= Pk  - Pk*kKk  (4-18) 

where  the  matrix  Pk  is  a weighting  matrix.  In  all  the  equations,  the  subscript  k 
represents  the  iteration  steps. 

By  applying  the  above  algorithm,  simulation  results  will  be  provided  in  Chapter 
5.  Comparing  Corripio’s  adaptive  control  with  the  fixed  system  of  power  quality 
control,  there  are  two  fundamental  differences  which  might  be  of  concern  in  the  real 
system  design.  One  is  that  the  inverter  in  the  power  quality  control  has  a high  gain, 
which  could  make  the  adapter  diverge.  The  other  is  the  sudden  changes  of  the 
disturbance  input,  i.e.  the  feeder  voltage.  These  facts  make  more  critical  the  selection 
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of  initial  conditions.  The  authors  in  [45]  suggest  a trial-and-error  technique,  which  is 
efficient  only  after  enough  experience  is  accumulated  for  the  various  applications. 

In  order  to  verify  that  the  adaptive  control  is  needed,  a study  of  using  the  fixed 
controller  with  a non-nominal  load  at  the  Custom  bus  is  performed.  Figure  4.15  shows 
the  Custom  bus  voltage  and  the  reference  voltage,  where  the  Custom  load  has  a power 
factor  correction  capacitor  in  parallel  with  the  static  load.  The  capacitance  of  the 
capacitor  is  100  uF,  which  is  selected  when  the  Custom  bus  has  unit  power  factor  after 
installing  the  capacitor. 

[v]  Custom  bus  voltage 


Figure  4.15  Custom  bus  and  reference  voltages  with  a 100  uF  capacitor 

at  the  Custom  bus 
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4.6  Effect  of  Distribution  System 

In  all  of  the  analysis  so  far,  the  feeder  voltage  input  is  assumed  to  be  zero  for 
control  design  purpose.  The  inverter  supplies  the  only  voltage  to  the  Custom  load.  In 
fact,  the  feeder  voltage  itself  is  the  second  system  input,  which  is  considered  to  be  a 
disturbance  function  in  this  application.  Cutting  the  system  at  Vbu,,  one  can  use  the 
dynamic  equations  as  developed  in  Chapter  3 for  further  analysis.  From  equations  (3.8) 
and  (3. 10),  the  transfer  function  from  the  feeder  bus  Vbui  to  the  Custom  bus  is  as  follows 


H, 


bus -cub 


(5)  = 


Rl+LlS+LRlCS2+LlLCS 3 

yTs) 


(4.19) 


where  Y(S)  is  given  by  (3.11). 

The  Bode  plot  of  the  transfer  function  HbUMU1(S),  as  in  Figure  4.16,  shows  that 
the  magnitude  of  the  transfer  function  from  the  feeder  bus  to  the  Custom  bus  is  near  zero 
dB.  In  the  cases  of  voltage  outages,  the  feeder  bus  voltage  change  may  be  significant. 
Nevertheless,  the  effect  of  the  sudden  change  of  the  feeder  bus  is  attenuated  by  the  high 
loop  gain  if  a closed-loop  system  is  applied,  as  can  be  seen  in  equation  (4.20). 

where  HG  represents  the  loop  gain  in  the  closed-loop  system. 

From  equation  (4.20),  the  effect  of  Vbus  is  attenuated  by  a factor  of 
approximately  HG,  if  the  loop  gain  is  kept  high.  Chapter  6 will  discuss  this  point 
quantitatively. 
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Figure  4.16  Bode  plot  of  the  transfer  function  from  feeder  voltage  to  the  Custom  bus 

voltage 


4.7  Conclusion 

Based  on  the  different  distribution  system  applications,  various  distribution  system 
loads  are  examined  in  this  chapter.  Accordingly,  suitable  control  systems  are  developed 
for  each  type  of  load.  For  static  loads,  a simple  closed-loop  control  with  phase  lead 
compensator  can  be  used.  Furthermore,  the  compensator  design  can  be  based  on  a 
single-phase  equivalent  system  for  an  uncoupled  static  load.  In  the  case  of  a dynamic 
machine  load,  a qdO  reference  model  is  developed  which  takes  the  mutual  coupling  and 
disturbance  attenuations  into  account.  The  next  chapter  will  utilize  the  techniques 
developed  in  this  chapter  in  a real  system.  Various  simulation  results  are  provided  to 
support  the  analysis,  as  performed  in  Chapter  3 and  Chapter  4. 


CHAPTER  5 


SIMULATION  RESULTS 
5.1  Introduction 

This  chapter  utilizes  the  theory  and  techniques  developed  in  previous  chapters  to 
cope  with  the  power  quality  problems.  The  detailed  distribution  system  model  is  used 
and  the  power  quality  phenomena  are  simulated  based  on  the  detailed  distribution  model, 
referring  to  Figure  2.3.  The  detailed  power  electronic  converter  models  are  connected 
to  the  distribution  system  to  serve  as  an  on-line  power  quality  controller.  The  closed- 
loop  automatic  control  system  is  used  for  the  converters  as  well.  Again,  the  objective 
is  to  maintain  a high  quality  power  at  the  Custom  Power  bus  in  the  distribution  system. 
Concerning  the  distribution  system,  power  electronics  converters  are  used  as  a controller 
to  achieve  high  quality  power.  In  the  following,  the  term  "power  electronic  controller" 
is  used  when  dealing  with  power  systems  in  referring  to  the  power  electronics  converter. 

The  detailed  analysis  of  the  closed-loop  control  with  phase  lead  compensator  was 
discussed  in  the  last  chapter  where  the  inverter  and  filter  were  represented  by  a 
simplified  transfer  function.  In  all  the  applications  from  this  chapter  on,  a detailed 
converter  switching  model  with  a PWM  control  technique  is  used.  The  norminal 
switching  frequency  at  each  device  is  20  kHz  with  a 10  kHz  triangular  carrier  waveform. 
The  doubling  frequency  effect  is  achieved  by  a three-stage  PWM  technique  rather  than 
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the  bipolar  PWM.  A similar  technique  is  discussed  by  Lai  and  Ngo  [47],  Only  the 
simulation  results  are  shown  herein  to  support  the  analysis. 

In  order  to  verify  the  three-stage  PWM  technique,  a frequency  spectrum  analysis 
at  the  output  waveforms  can  be  performed.  Due  to  the  high  switching  frequency, 
counting  the  major  harmonic  ripples  is  used  rather  than  using  the  frequency  spectrum. 
Figure  5.1  shows  a sampled  one  cycle  waveform  at  the  Custom  bus,  when  the  inverter 
is  injecting  the  harmonics  to  compensate  the  line.  Figure  5.2  shows  the  expanded 
waveform  of  Figure  5.1  using  a larger  scale.  From  Figure  5.2,  there  are  20  major 
harmonic  ripples  within  one  milli-Second.  Thus,  the  major  harmonic  frequency  is  20 
kHz,  which  agrees  with  the  desired  switching  frequency.  It  should  be  pointed  out  that 
the  waveform  in  Figure  5.2  was  taken  with  the  detailed  distribution  system.  The 
interactions  with  the  power  system  causes  distortion  in  the  observed  harmonic  ripples. 
Figure  5.3  shows  the  actual  three-stage  PWM  signal. 

A prelimary  simulation  study  was  also  performed  to  compare  three-phase  inverter 
results  with  three  separate  single-phase  inverters.  As  discussed  in  Chapter  3,  an 
equivalent  single-phase  bridge  PWM  inverter  can  be  used  to  simplify  the  compensator 
design  in  the  control  system,  if  the  Custom  load  is  a static  load  without  mutual  coupling. 
Figure  5.4  shows  a comparison  at  the  Custom  bus  voltage.  Two  curves  are  overlapped 
together,  and  the  difference  is  not  seen. 

In  addition,  a comparison  of  using  different  switching  frequency  is  provided.  The 
10  kHz  and  5 kHz  switching  frequency  are  examined,  with  the  results  shown  in  Figure 
5.5  and  Figure  5.6  respectively. 
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Figure  5.1  Sampled  voltage  waveform  at  the  Custom  bus 


M 


Figure  5.2  Expanded  waveform  of  the  Custom  bus  voltage 
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Figure  5.3  Three-stage  PWM  inverter  output  voltage 


M 


Figure  5.4  Custom  voltages  comparison  with  three-phase  inverter  and  three  single- 
phase inverters 
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Figure  5.5  Expanded  waveform  of  the  Custom  bus  voltage  with  10  kHz  switching 

frequency 
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Figure  5.6  Expanded  waveform  of  the  Custom  bus  voltage  with  5 kHz  switching 

frequency 
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5.2  Power  Quality  Improvement  for  Uncoupled  Network  Loads 

In  the  following,  detailed  EMTP  simulations  are  used  to  illustrate  the  nonlinear 
performance  of  Custom  Power  controller  for  an  uncoupled  static  load.  A three-phase 
inverter  is  used  in  all  of  the  applications.  Also,  the  control  system  is  based  on  a single- 
phase lead  compensator  design,  as  discussed  in  Chapter  4,  referring  to  Figure  4.10  and 
equation  (4.1).  The  three-phase  inverter  and  its  connection  to  the  system  are  shown  in 
Figure  3.7.  The  results  emphasize  the  comparison  between  the  feeder  bus  voltage  and 
the  Custom  bus  voltage,  since  the  power  electronics  controller  is  installed  between  these 
two  buses.  The  comparison  is  similar  to  that  of  the  Custom  bus  voltages  with  and 
without  applying  the  power  electronic  controller.  All  results  discussed  in  Section 
5.2. 1 —5.2.5  was  taken  for  the  nominal  system  data  given  in  Appendix  C,  with  a 3 kVA 
Custom  load. 

5.2.1  Blocking  Feeder  Harmonics 

In  this  application,  the  feeder  voltages  have  unbalanced  harmonic  distortion,  as 
shown  in  Figure  5.7.  The  three-phase  unbalanced  harmonics  are  injected  into  the  system 
on  the  feeder  side.  Thus,  as  far  as  the  Custom  bus  is  concerned,  the  harmonics  affect 
the  Custom  bus  as  a voltage  source.  The  three-phase  tracking  system  with  a series 
inverter  is  capable  of  providing  unbalanced  voltage  harmonics  to  subtract  the  harmonic 
components  in  the  feeder  voltage.  The  simulation  results  as  shown  in  Figure  5.7  — 5. 10 
verify  this  application.  Because  high  frequency  switching  is  used,  the  Custom  voltage 
is  nearly  a pure  sinusoidal  waveform,  as  shown  in  Figure  5.8.  Figure  5.9  shows  the 
filtered  three-phase  converter  output  voltage  which  actually  represents  the  harmonic 
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content  in  the  feeder  voltages.  The  three-phase  filter  inductor  currents  are  unbalanced 
because  of  the  unbalanced  voltage  output,  as  shown  in  Figure  5.10. 

5.2.2  Compensating  Voltage  Sags 

The  voltage  sags  are  caused  by  an  unbalanced  line-to-ground  fault  through  a 
reactance  in  the  feeder  side.  Figure  5.11  shows  the  three-phase  feeder  voltages  and 
Figure  5. 12  the  three-phase  Custom  bus  voltages.  It  is  noticed  that  the  fault  in  the  feeder 
side  not  only  causes  deviation  in  the  voltage  magnitude,  but  the  phase  angles  are  affected 
as  well.  This  can  be  seen  in  the  voltage  waveforms  in  phase  C.  During  the  sag,  the 
voltage  deviation  of  phase  C is  small  compared  to  that  of  the  other  phases.  Nevertheless, 
the  converter  output  voltage  in  phase  C verifies  that  there  is  a phase  shift  during  the  sag. 
In  Figure  5.13,  close  investigation  into  the  other  two  phases  yields  the  same  conclusion. 
Therefore,  the  converter  injects  a sequence  voltage  into  the  system  to  balance  the  three- 
phase  voltages.  Figure  5. 14  shows  the  three-phase  inverter  filter  currents  in  which  high 
frequency  harmonic  ripples  appear. 

5.2.3  Absorbing  Voltage  Swells 

Due  to  a large  motor  load  tripped  off  in  the  system,  a voltage  swell  occurs  at  the 
Custom  bus.  Since  this  big  load  is  on  the  source  side,  the  disturbance  is  designed  in 
such  a way  that  it  will  not  cause  large  voltage  increases  to  the  loads  between  the  source 
and  substation  bus,  for  which  the  power  electronic  controller  has  no  control.  Therefore, 
a reduced  voltage  compared  to  the  normal  voltages  is  maintained  in  the  system  prior  to 
the  swell.  The  undervoltage  at  the  Custom  bus  before  the  motor  is  tripped  off  is 
compensated  by  the  power  electronics  controller.  Therefore,  the  converter  not  only 
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absorbs  the  overvoltages  which  are  caused  by  tripping-off  of  the  large  load,  but  it 
initially  compensates  the  undervoltages  as  well. 

Figure  5.15,  Figure  5.16  and  Figure  5.17  show  the  feeder  voltage,  Custom  bus 
voltage  and  converter  output  respectively.  Again,  nearly  sinusoidal  waveforms  at  the 
Custom  bus  are  achieved. 

5.2.4  Compensating  Voltage  Outages 

A one-phase  voltage  outage  is  shown  in  Figure  5.18  in  which  the  phase  A feeder 
voltage  is  completely  lost,  i.e.  a simple  line-to-ground  fault  at  the  feeder  bus.  The 
waveform  shows  the  best  case  when  the  voltage  disappears  at  the  instant  that  it  crosses 
zero.  Normally,  if  the  voltage  outage  happens  at  other  instances,  i.e.,  sudden  changes 
at  a high  peak,  the  converter  output  may  spike.  Fortunately,  the  high  frequency  spike 
would  probably  be  attenuated  because  the  real  system  has  more  damping  than  the 
miniature  distribution  system  model.  Therefore,  the  voltage  outage  normally  is 
accompanied  with  resonant  oscillation.  It  is  also  true  that  the  high  frequency  oscillation 
in  the  output  depends  on  the  switching  frequency  and  the  sampling  rate  of  a digital 
control  system.  In  this  example,  the  voltage  outage  at  one  phase  causes  voltage  sags  at 
the  other  two  phases,  because  of  the  coupling  between  the  phases  on  the  feeder  side. 
The  inverter  again  operates  in  an  unbalanced  mode  for  which  the  inverter  provides  an 
unbalanced  three-phase  voltages.  Figure  5.19  shows  the  Custom  bus  voltages,  and  5.20 
shows  the  inverter  output  voltages. 

Another  study  is  performed  to  illustrate  the  worst  case  in  which  an  outage  of  all 
three  phases  occurs.  For  convenience,  the  three-phase  voltage  outage  is  caused  by  a 
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three-phase  line-to-ground  fault  internally  on  the  feeder  side,  referring  to  the  distribution 
system  model  in  Figure  2.3.  Thus,  the  feeder  voltage  goes  to  zero  after  resonant 
oscillation. 

Figure  5.21  shows  the  three-phase  feeder  voltage.  By  using  the  power  electronics 
controller,  the  Custom  voltages  maintain  a sinusoidal  waveform  except  for  short  duration 
glitches,  as  shown  in  Figure  5.22.  Figure  5.23  shows  the  inverter  output  voltages. 
5.2.5  Absorbing  Impulses  in  Feeder  Voltage 

Voltage  impulses  caused  by  lightning  surges  normally  have  high  peaks  and  fast 
transient  responses.  These  surges  have  a very  short  rise  time,  in  the  range  of  micro- 
seconds. According  to  IEEE  standards  [48],  a 1.2  /xsec.  rise  time  is  typical  when 
lightning  directly  hits  transmission  lines.  Because  of  this,  the  power  electronics 
converters  are  not  capable  of  recognizing  such  a fast  surge  because  the  switching 
frequency  of  the  converters  is  much  lower  than  that.  Therefore,  fast  rise  time  surges  are 
normally  suppressed  by  surge  arresters.  In  this  study,  slower  rise  time  impulses  are 
considered  which  result  from  some  types  of  switching  surges,  or  lightning  surges 
interacting  with  power  system  apparatus  or  protective  devices. 

Figure  5.24  shows  an  example  of  a slow  impulse  on  the  feeder  voltage  phase  A. 
Figure  5.25  and  5.26  shows  how  the  inverter  suppresses  the  impulse  and  maintains  a 
sinusoidal  waveform  at  the  Custom  bus.  The  peak  time  of  the  impulse  does  not  matter 
as  far  as  the  inverter  is  concerned.  The  inverter  produces  the  same  quantity  no  matter 
where  and  when  the  impulse  appears.  This  compares  with  surge  arresters,  which  will 
not  suppress  the  surges  if  the  voltage  peak  does  not  exceed  the  protective  level. 
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Figure  5.7  Three-phase  feeder  voltage  with  unbalanced  harmonic  distortion 
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Figure  5.8  Three-phase  voltage  at  the  Custom  bus  (harmonics  in  feeder  voltages) 
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Figure  5.9  Three-phase  converter  output  voltage  (harmonics  in  feeder  side) 
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Figure  5.10  Three-phase  filter  inductor  currents  (harmonics  in  feeder  side) 
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Figure  5.11  Three-phase  feeder  voltage  with  sags 
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Figure  5.12  Three-phase  Custom  bus  voltage  with  feeder  voltage  sags 
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Figure  5.13  Three-phase  inverter  outputs  with  feeder  voltage  sags 
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Figure  5.14  Three-phase  inverter  filter  inductor  currents  with  voltage  sags 
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Figure  5.15  Three-phase  feeder  voltage  swells 
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Figure  5.16  Three-phase  Custom  bus  voltages  with  feeder  voltage  swells 
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Figure  5.17  Three-phase  inverter  outputs  with  feeder  voltage  swells 
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Figure  5.18  Three-phase  feeder  voltages  with  one  phase  outage 
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Figure  5.  19  Three-phase  Custom  bus  voltages  with  one  phase  outage  on  feeder  bus 
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Figure  5.20  Three-phase  inverter  output  with  one  phase  outage 
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Figure  5.21  Three-phase  feeder  voltage  outage 
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Figure  5.22  Three-phase  Custom  bus  voltages  with  three-phase  feeder  outage 
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Figure  5.23  Three-phase  inverter  output  with  three-phase  feeder  outage 
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Figure  5.24  Three-phase  feeder  voltages  with  impulse  disturbance 
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Figure  5.25  Three-phase  Custom  bus  voltages  with  impulse  on  feeder  side 
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Figure  5.26  Three-phase  inverter  output  with  impulse  on  feeder  side 
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5.3  One-cvcle-switching 


Solid-State-Breakers  (SSB),  as  controlled  by  electronics  devices,  provide  fast 
switching  equipment  for  distribution  systems.  In  conventional  distribution  systems, 
mechanical  switches  are  widely  used.  However,  mechanical  switches  typically  take  a 
long  time  to  finish  the  switching  operation.  Typical  switching  times  of  mechanical 
switches  are  five  to  ten  cycles,  i.e.,  90  milliseconds  to  160  milliseconds.  Therefore,  if 
mechanical  breakers  are  used  as  transfer  switches,  multi-cycle  sags  are  possible  at  the 
feeder  bus.  If  the  mechanical  switches  are  replaced  by  Solid-State-Breakers,  the  voltage 
sags  can  be  limited  to  one  cycle.  This  is  so-called  one-cycle-switching,  and  is  shown  in 
Figure  5.27. 


V|ju# 


Vcus 


Feeder  1 


SSB  1 


SSB  3 


Feeder  2 


SSB  2 


Figure  5.27  One-cycle-switching 
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In  Figure  5.27,  Feeder  1 supports  the  important  Custom  load  VCU4.  Feeder  1 and 
Feeder  2 are  independent  with  SSB  3 normally-open.  If  a fault  or  other  critical  problem 
happens  in  Feeder  1,  it  is  desirable  that  the  Custom  load  be  supported  by  Feeder  2 rather 
than  Feeder  1.  This  is  done  by  opening  SSB  1 and  closing  SSB  3.  The  SSBs  can 
implement  the  switching  operation  within  one  cycle.  In  this  way,  the  Custom  bus  will 
only  have  less  than  one  cycle  voltage  sags  or  outages.  The  Custom  bus  has  a higher 
quality  power  supply  in  that  the  voltage  sags  or  outage  only  exist  for  a few  milliseconds 
rather  than  for  dozens  of  milliseconds.  It  is  noticed  that  Figure  5.27  is  part  of  the 
miniature  distribution  system  used  in  all  the  studies  in  this  dissertation. 

Furthermore,  if  the  power  electronic  controller  is  installed  between  the  feeder  and 
the  Custom  bus,  even  higher  quality  power  can  be  achieved.  The  principle  is  the  same 
as  that  used  in  last  section.  The  power  electronics  controller  will  compensate  for  the 
voltage  sags  for  the  one  cycle  shortage.  In  addition,  the  controller  will  also  absorb  the 
surges  and  oscillations  caused  by  closing  the  breaker  SSB  3.  Figure  5.27  shows  the 
application  based  on  the  miniature  distribution  system. 

All  three  phases  in  Feeder  1 are  tripped  off  sequentially  at  the  instances  when 
their  line  currents  cross  zero.  The  timing  sequences  of  the  switching  operations  are 
shown  in  Figure  5.28.  In  each  phase  of  Figure  5.28,  three  curves  are  displayed  with 
feeder  voltage,  SSB  1 current,  and  SSB  3 current.  The  feeder  voltage  at  each  phase 
suddenly  changes  due  to  the  breaker  opening,  when  its  line  current  crosses  zero. 
However,  the  voltage  may  be  distorted  because  of  the  effect  of  other  phases,  as  can  be 
seen  in  phase  B and  phase  C.  The  SSB  3 closes  shortly  after  the  SSB  1 opens.  Due  to 
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the  power  factor  capacitors  at  both  sides  of  the  SSB  3,  which  are  charged  prior  to  the 
closing  of  SSB  3,  the  currents  spike.  By  using  the  power  electronic  controller,  each 
phase  voltage  is  compensated,  as  shown  in  Figure  5.29.  In  this  application,  the  control 
system  is  the  closed-loop  control  system,  as  shown  in  equation  4.1.  In  Figure  5.29,  the 
voltage  spikes  at  the  Custom  bus  appear.  This  is  because  of  the  low  switching 
frequency,  which  can  not  recognize  the  high  frequency  ripple  and  sudden  voltage 
changes.  By  using  high  switching  frequency,  the  spikes  may  be  eliminated. 

Figure  5.30  shows  the  three-phase  inverter  output  voltages.  During  switching 
period,  the  feeder  voltages  have  dramatic  deviations  from  the  pure  sinusoidal  waveforms. 
Therefore,  the  inverter  operates  at  a heavy  duty  condition,  as  far  as  the  inverter  output 
voltage  is  concerned. 

One-cycle-switching  is  significant  in  that  it  changes  the  concept  of  distribution 
system  switching  operations,  not  only  because  of  its  fast  switching,  but  also  because  of 
the  flexibility  of  control.  Since  SSBs  are  actually  designed  using  power  electronics 
devices,  they  can  be  controlled  by  low  voltage  components  or  microprocessors.  These 
switching  devices  can  be  used  in  high  voltage  and  high  power  applications. 

It  is  noticed  that  one-cycle-switching  provides  an  alternative  to  power  quality 
improvement.  It  only  reduces  the  voltage  sag  period  compared  to  mechanical  switches, 
if  power  electronic  controller  is  not  applied.  However,  it  produces  high  peak  surges  and 
high  frequency  oscillations.  By  using  power  electronic  converters,  long  term  voltage 
sags  are  overcome  without  introducing  one-cycle-switching  technique.  The  studies  as 
performed  here  only  describes  a combination  of  these  two  applications. 
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Figure  5.28  Three-phase  feeder  voltages  and  corresponding  SSB  currents 
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Figure  5.29  Three-phase  Custom  bus  voltages 
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Figure  5.30  Three-phase  inverter  outputs 
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5.4  Power  Quality  Improvement  for  Dynamic  Machine  Loads 
In  the  previous  section,  an  equivalent  load  impedance  was  used  at  the  Custom 
bus,  which  is  assumed  to  be  a static  load  with  linear  and  time-invariant  properties. 
However,  real  industrial  loads  are  generally  more  complicated.  There  are  various  types 
of  customer  loads  in  the  distribution  systems,  e.g.  motors,  rectifiers,  heaters,  etc. 
Furthermore,  the  loads  connected  at  the  Custom  bus  may  be  a combination  of  these 
various  customers.  If  more  realistic  loads  in  distribution  systems  are  taken  into  account, 
the  results  may  not  be  so  ideal  as  illustrated  in  last  section. 

To  illustrate  the  effect  of  more  realistic  loads,  a dynamic  model  of  an  induction 
motor  load  in  parallel  with  a static  load  is  assumed  at  the  Custom  bus.  A simplified 
model  of  the  three-phase  system  with  feeder  bus  and  converter  is  shown  in  Figure  5.31. 
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Figure  5.31  Dynamic  induction  motor  load  at  the  Custom  bus 
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The  loads  at  the  Custom  bus  are  assigned  as  follows.  The  motor  has  a 3 hp  with 
running  at  2 kVA  load.  The  static  load  is  1 kVA.  The  total  load  at  the  Custom  bus  is 
3 kVA.  The  parameters  of  the  motor  are  listed  in  Appendix  A,  with  an  addition  of  load 
torque  of  5 Nm.  The  static  load  with  an  equivalent  impedance  has  the  parameters  as 
follows. 

Rl=  36.6  Q, 

XL=  22.8  fi. 

The  rest  of  the  parameters  in  the  distribution  system  is  the  same  as  before,  as  shown  in 
Figure  2.3  and  listed  in  Appendix  C. 

As  discussed  in  Chapter  3,  the  qdO  reference  frame  can  be  used  for  control 
analysis  involving  the  dynamic  machine  loads.  The  closed-loop  control  system  based  on 
qdO  model  was  developed  in  Chapter  4,  and  its  dynamic  performance  is  predicted  in 
Bode  plots.  The  closed-loop  compensator  is  based  on  the  fact  that  the  inverter  has  a high 
gain  during  steady  state.  Therefore,  only  a phase-lead  compensator  for  both  q and  d axes 
is  used.  In  the  simulation,  two  coordinate  systems  exist  with  one  being  the  qdO  system, 
and  the  other  abc  system.  The  qdO  system  model  is  applied  for  closed-loop  control 
implementation,  while  the  abc  system  must  be  used  for  real  converter  implementation. 
In  addition,  the  distribution  feeder  and  motor  load  are  part  of  the  three-phase  abc  system. 
The  interchange  between  the  two  systems  is  achieved  by  transformations  between  the  abc 
and  qdO  systems.  Specifically,  the  motor  terminal  voltages  are  transformed  to  the  qd 
components.  In  the  inverter  side,  the  duty  ratios  are  transformed  back  to  the  abc  system. 
Figure  5.32  shows  the  model  used  in  the  simulation. 
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Figure  5.32  Interchange  between  three-phase  and  two-phase  qdO  systems 

Figure  5.33  shows  the  three-phase  feeder  voltages  with  sag  caused  by  a line-to- 
ground  fault  in  one  phase.  Figure  5.34  shows  the  Custom  bus  voltages,  which  are  also 
the  motor  terminal  voltages.  Figure  5.35  shows  the  inverter  output.  The  speed  of  the 
motor  maintains  constant  during  voltage  sag  on  the  feeder  bus,  as  shown  in  Figure  5.36. 
However,  the  electromagnetic  toque  of  the  motor,  as  shown  in  Figure  5.37  exhibits  a 
light  torque  pulsation,  which  is  caused  by  current  waveform  distortion,  as  shown  in 
Figure  5.38.  The  significance  in  the  motor  loads  is  that  the  motor  behaves  as  an  active 
current  source  rather  than  a passive  network.  For  this,  another  converter  topology  may 
be  needed  to  include  the  current  control  on  the  machine  terminal,  which  leaves  for  future 


development. 
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Figure  5.33  Three-phase  feeder  voltages  with  sag 
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Figure  5.34  Three-phase  Custom  bus  voltage 
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Figure  5.35  Three-phase  inverter  output 
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Figure  5.36  Motor  speed 
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Figure  5.37  Electromagnetic  Torque 
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Figure  5.38  Three-phase  armature  winding  currents 

It  should  be  pointed  out  that  the  qdO  model,  as  used  for  coupled  dynamic  load 
applications,  is  also  valid  for  an  uncoupled  network  load.  An  additional  study  was 
performed  to  apply  the  qdO  model  for  the  nominal  static  load.  The  voltage  sags  are 
examined  again  in  this  study.  The  same  system  parameters  are  used.  The  three-phase 
feeder  voltages  are  the  same  as  those  in  Figure  5.11.  From  the  simulation,  the  three- 
phase  voltages  at  the  Custom  bus  remain  sinusoidal  all  the  times.  For  comparison  with 
previous  results,  the  three-phase  Custom  bus  voltages  are  shown  in  Figure  5.39.  These 
voltages  are  overlaid  on  the  same  plot  with  the  corresponding  waveforms  taken  from  per- 
phase  abc  control  design  in  section  5.2.2.  This  further  verifies  that  the  single-phase 
control  design  model  can  be  used  for  a three-phase  uncoupled  network.  However,  the 
qdO  model  is  valid  for  both  uncoupled  and  coupled  network  loads. 
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Figure  5.39  Comparison  of  three-phase  Custom  bus  voltages  with  qdO  model  vs. 
single-phase  design  model,  for  nominal  static  load. 

5.5  Power  Electronic  Controller  using  Adaptive  Control 
The  algorithm  of  one  form  of  adaptive  control  was  discussed  in  Chapter  4,  where 
a closed-loop  adaptive  control  system  was  proposed  for  the  power  electronics  converter. 
In  this  section,  simulation  results  will  be  shown  to  evaluate  adaptive  control.  Overall, 
three  cases  are  examined  using  adaptive  control.  The  first  one  is  the  dynamic  machine 
load  with  voltage  sag  on  the  feeder  side,  while  the  machine  is  running  at  a light  load. 
The  second  one  is  also  the  dynamic  machine  load,  but  the  motor  operation  is  changed  to 
a blocked  rotor  condition.  From  the  discussion  in  Chapter  4,  these  two  operating 
conditions  are  the  two  extreme  cases.  Furthermore,  the  third  case  examines  the  Custom 
load  topology  changed  to  an  RLC  static  load.  The  same  control  law  is  used  in  all  the 


cases. 
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The  study  of  the  adaptive  control  relies  on  the  dynamic  transfer  functions  of  the 
different  models,  as  described  by  Bode  plots  in  Chapter  4.  In  the  case  the  transfer 
function  of  the  induction  motor  is  based  on  the  well-known  steady  state  per-phase 
equivalent  circuit.  This  assumption  is  made  because  the  adaptive  control  is  only  valid 
for  slowly  changing  systems.  The  fast  electrical  transients  associated  with  the  coupling 
inside  the  machine  can  not  be  neglected  when  using  adaptive  control.  Under  this 
circumstance,  the  motor  is  under  steady  state  condition  with  different  speeds.  Therefore, 
the  per-phase  dynamic  model  of  the  motor  can  be  used. 

In  addition,  the  distribution  system  is  taken  into  account  with  the  feeder  bus 
connected  to  the  infinite  bus  through  an  equivalent  impedance.  The  equivalent  model  is 
shown  in  Figure  5.40,  and  the  parameters  are  listed  as  follows  based  on  the  distribution 
system  model  in  Figure  2.3. 
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Figure  5.40  A simplified  network  for  the  adaptive  control  study 
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V,  = 120  V AC, 

X,  = 1.2  fi, 

Z = 40.01  +j  23.09  0, 

C = 7.36  uF. 

The  machine  parameters  are  listed  in  Appendix  A. 

The  first  example  illustrates  the  adaptive  control  application  in  compensating  the 
sag  at  the  Custom  bus.  Figure  5.41  shows  the  feeder  voltage  with  sag,  as  in  the  case 
studied  previously.  The  worst  case  is  examined  here  in  which  both  the  beginning  and 
ending  point  of  the  sag  appears  at  the  peaks  of  the  voltage  waveform.  Thus,  the  high 
peak  oscillations  exist  in  both  cases,  as  shown  at  the  Custom  bus  voltage  in  Figure  5.42. 
However,  under  steady  state,  the  Custom  bus  voltage  tracks  the  reference  precisely 
during  voltage  sag  at  the  feeder  bus. 

Prior  to  the  voltage  sag,  the  adaptive  control  has  already  reached  a steady  state 
for  the  inverter  model  and  the  compensator.  The  adaptation  is  examined  by  comparing 
the  inverter  output  and  output  of  the  inverter  model.  The  inverter  and  inverter  model  are 
represented  by  the  plant  and  plant  model  as  described  in  Chapter  4.  The  adaptation  is 
shown  in  Figure  5.43,  where  the  output  of  the  plant  model  is  approaching  the  plant 
output  before  the  voltage  sag.  For  this  particular  application,  it  takes  almost  18000 
iteration  steps  to  reach  the  steady  state,  which  is  equivalent  to  1.8  seconds  with  a 10  kHz 
sampling  rate.  Figure  5.44  shows  the  expanded  waveforms  of  the  plant  output  and  plant 
model  output  voltage  during  voltage  sag  in  the  feeder  bus. 
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Figure  5.41  Voltage  sag  at  the  feeder  bus 


Figure  5.42  Reference  and  Custom  bus  voltage 
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Figure  5.43  Inverter  output  and  inverter  model  output 


Figure  5.44  Expanded  waveforms  of  inverter  output  and  inverter  model  output 
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The  second  example  illustrates  the  plant  model  change  with  the  same  topology  as 
in  the  first  example.  In  this  application,  the  motor  load  at  the  Custom  bus  is  suddenly 
changed  to  another  operating  point,  a case  which  is  much  worse  than  in  practical 
situations.  Specifically,  the  rotor  of  the  motor  is  blocked  by  external  forces.  Also,  the 
inverter  is  providing  a full  voltage  to  the  Custom  load.  The  adaptive  control  responds 
to  the  changes  by  adjusting  the  plant  model. 

Figure  5.45  shows  the  adaptation  of  the  plant  model.  While  under  steady  state, 
the  plant  system  is  changed  to  second  case,  which  corresponds  to  a motor  operating 
condition  change  from  no-load  to  blocked  rotor.  Accordingly,  the  plant  model  changes, 
as  shown  from  its  output,  to  respond  the  plant  system  changes,  by  changing  its 
parameters.  Thus,  the  output  of  the  plant  model  is  changed.  Figure  5.46  shows  an 
expanded  waveform  during  the  load  operating  condition  changes. 

Figure  5.47  shows  the  reference  and  Custom  bus  voltage  during  the  plant  system 
changes.  The  Custom  bus  voltage  tracks  the  reference  precisely.  In  fact,  the  adaptive 
control  is  mainly  designed  to  deal  with  the  plant  system  changes  with  the  same  topology, 
as  in  the  case  of  this  application. 

This  application  involves  electric  machines  over  a large  range  of  deviation  in 
dynamic  performance,  i.e.  from  no-load  to  blocked  rotor.  Static  loads  in  similar 
applications  will  yield  the  same  results.  Instead  of  testing  all  the  cases  separately,  a 
more  severe  situation  is  examined  in  the  following,  to  deal  with  the  topology  changes  of 
plant  system. 
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45  Inverter  output  and  inverter  model  output  in  the  case  of  the  load 
operating  condition  changes 


Figure  5.46  Expanded  waveforms  of  Figure  5.45 
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Figure  5.47  Reference  and  Custom  bus  voltage 

Theoretically,  adaptive  control  deals  with  a slowly  changing  plant  system  [46]. 
If  the  topology  of  the  plant  is  changed,  the  control  law  in  the  compensator  may  not  be 
suitable  for  the  new  plant.  Fortunately,  the  inverter  system  with  the  different  load 
topologies  including  the  rotating  machine  loads  have  the  similar  characteristics,  as 
discussed  in  Chapter  4.  Therefore,  adaptive  control  can  be  evaluated  by  examining  the 
results  when  the  adapter  reaches  a steady  state. 

In  this  application,  the  motor  load  is  replaced  by  an  RLC  network,  with  C being 
the  power  factor  correction  capacitor  in  parallel  with  the  RL  equivalent  load.  The 
parameters  of  R and  L are  the  same  as  used  before  and  listed  in  Appendix  C.  The 
capacitance  of  the  power  factor  correction  capacitor  is  100  uF.  The  same  adaptive 
control  structure  with  the  same  control  law  as  used  before  is  applied  for  this  application. 
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In  addition,  the  RLC  static  load  operates  at  full  load  condition,  i.e.  3 kVA.  Meanwhile, 
the  inverter  supplies  a full  voltage  to  the  Custom  bus  prior  to  the  voltage  sag  on  feeder 
bus.  The  system  structure  is  similar  to  Figure  5.38  with  only  the  motor  load  replaced 
by  the  RLC  static  load. 

Figure  5.48  shows  the  feeder  bus  voltage.  As  used  before,  the  worst  cases  are 
examined,  in  which  the  voltage  sag  is  triggered  at  the  negative  peak  of  the  voltage. 
Meanwhile,  the  voltage  sag  is  cleared  at  the  positive  peak.  During  adaptation,  the  plant 
model  rapidly  approaches  the  real  system,  which  can  be  seen  from  the  initial  outputs  of 
these  two  systems,  as  shown  in  Figure  5.49.  The  adaptation  is  much  faster  than  the 
motor  load  cases.  Figure  5.50  shows  the  reference  and  Custom  bus  voltage  for  the  static 
RLC  load. 


Figure  5.48  Feeder  voltage 
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Figure  5.49  Inverter  output  and  model  output 


Figure  5.50  Reference  and  Custom  bus  voltage 
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The  above  three  examples  illustrate  the  adaptive  control  applications  in  coping 
with  system  changes  involving  load  operating  condition  changes,  as  well  as  load  topology 
changes.  From  the  simulation  results,  the  adaptive  control  can  easily  handle  the  load 
operating  condition  changes.  For  different  load  topologies,  the  dynamic  machine  load 
takes  much  a longer  adaptation  time  than  the  static  equivalent  impedance  load.  From  the 
theoretical  analysis,  the  same  control  law  can  be  used  for  all  of  the  cases  involving 
various  distribution  loads.  Therefore,  adaptive  control  serves  as  a multi-functional 
control  technique,  if  all  the  loads  as  described  are  applied. 

In  the  real  system  implementation  of  the  adaptive  control,  several  points  are 
important.  The  first  is  the  trade-off  between  the  adaptation  speed  and  transient  response 
time.  Normally,  keeping  longer  adaptation  is  recommended,  because  the  transient 
overshoot  may  be  high  using  the  above  structure,  and  without  any  knowledge  of  the  plant 
model.  Also,  the  adaptive  control  may  diverge,  if  the  transient  overshoot  is  too  high 
because  of  the  high  gain  of  the  inverter  system.  The  second  is  the  sampling  rate  used 
for  discrete  adaptive  control.  Increasing  the  sampling  rate  can  reduce  the  adaptation 
speed.  Nevertheless,  increasing  the  sampling  rate  increases  the  cost  as  well.  These  are 
important  in  the  application  of  adaptive  control  in  power  electronic  controllers. 

In  conclusion,  this  chapter  plays  an  important  role  in  verifying  the  concept  of 
using  power  electronic  controller  to  improve  distribution  power  quality.  Detailed 
simulation  results  are  provided  showing  power  electronic  converters  solving  typical 
power  quality  problems  such  as  blocking  harmonics,  compensating  voltage  sags, 
absorbing  voltage  swells,  high  frequency  oscillations  and  impulses.  In  addition,  the 
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application  of  power  electronic  controllers  in  one-cycle- switching  is  addressed,  showing 
that  the  converter  not  only  compensates  for  the  irregular  voltage  drops,  but  absorbs  the 
surges. 

In  dealing  with  a dynamic  machine  load,  a closed-loop  qdO  model  is  used  for 
control  purposes.  The  simulation  results  also  show  that  similar  results  as  with  static 
loads  can  be  obtained  by  using  the  qdO  model.  Furthermore,  the  simulation  of  the 
adaptive  control  system  is  performed  as  an  approach  to  cope  with  the  Custom  load 
changes. 

Further  development  is  suggested  following  the  analysis  as  performed  in  this 
chapter.  As  shown  before,  the  qdO  model  is  valid  for  both  uncoupled  network  loads  and 
coupled  dynamic  machine  loads.  For  uncoupled  static  loads,  the  qdO  model  yields  the 
exact  same  results  as  obtained  from  an  equivalent  single-phase  model.  However,  for 
dynamic  machine  loads,  which  have  a strong  coupling  between  phases,  the  voltage 
waveforms  remain  sinusoidal,  but  the  currents  exhibit  some  distortion.  Since  the  series 
converter  is  mainly  applied  for  voltage  control,  another  converter  topology  may  be  useful 
to  deal  with  the  current  control. 


CHAPTER  6 


IMPLEMENTATION  ISSUES 


This  chapter  discusses  some  implementation  issues  for  practical  applications.  The 
theory  and  applications  as  described  in  the  previous  chapters  are  sufficient  to  understand 
the  principle  of  power  electronics  controllers  for  power  quality  improvement. 
Nevertheless,  the  topics  presented  here  are  helpful  for  further  development  in  this  area. 
The  real  issues  in  converter  supply  are  addressed.  A technique  for  converter  supply  is 
also  discussed,  which  relies  on  a healthy  feeder  in  the  distribution  system.  Finally,  the 
harmonic  rejection  issues  regarding  DC  bus  voltage  are  addressed. 

6. 1 A State-of-the-Art  Technique  for  Converter  Supply1 
The  DC-AC  converters  invert  a DC  source  into  an  AC  source.  The  DC  voltage 
source  could  be  a large  capacitor  for  short  disturbances  or  battery  storage  for  UPS 
operation.  These  methods  have  some  disadvantages  in  real  system  applications,  from  an 
operation  point  of  view.  Therefore,  using  other  means  for  the  converter  DC  power 
supply  needs  to  be  developed. 


1 This  idea  was  originally  conceived  by  Dr.  Khai  D.T.  Ngo  in  a research 
meeting. 
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Referring  to  the  miniature  distribution  system  in  Figure  2.3,  using  power  lines  to 
directly  supply  the  DC-AC  inverter  is  possible.  The  idea  is  to  use  three-phase  or  single- 
phase rectifiers  to  convert  the  AC  voltage  source,  assuming  the  power  lines  which  serve 
as  the  input  for  rectifiers  do  not  need  to  support  important  loads.  This  assumption  is 
made  because  rectifiers  introduce  harmonic  distortions  to  the  power  lines.  Using  healthy 
feeders  to  support  the  controller  can  provide  a continuous  supply  for  the  inverter,  which 
is  difficulty  to  achieve  using  batteries.  This  method  was  shown  in  the  miniature 
distribution  system,  as  in  Figure  2.3.  Figure  6.1  shows  the  detailed  three-phase 
application  related  to  the  miniature  system. 


Figure  6. 1 Rectifier-inverter  set 
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In  Figure  6.1,  an  L-C  filter  is  used  for  DC  linkage  of  rectifier  and  inverter,  as 
noted  by  Lr  and  Cr.  The  selection  of  Lr  and  Cr  is  determined  by  the  DC  voltage 
requirement  such  as  the  ripple  rate  in  the  output  voltage.  The  detailed  design  analysis 
is  described  in  [38,39].  The  parameters  of  the  L-C  filter  is  listed  as  the  follows  for 
future  analysis. 

Lr  = 1.777  mH, 

Cr  = 100.0  uF. 

It  is  noticed  that  the  DC  output  voltage  is  fixed  if  an  uncontrolled  rectifier  built 
with  diodes  is  used.  Furthermore,  the  inverter  has  certain  requirements  for  the  DC 
voltage  source  as  well.  Therefore,  it  is  necessary  to  match  the  voltage  level  between  the 
rectifier  and  inverter;  otherwise,  the  inverter  may  not  work  properly  for  severe  power 
quality  problems  at  the  Custom  bus.  The  following  analysis  based  on  the  prototype 
miniature  distribution  model  can  demonstrate  how  to  reach  a voltage  match.  If  other 
topologies  are  used,  the  same  principle  is  applied. 

Assuming  the  rectifier  is  directly  connected  to  the  power  line  without  a filter  on 
the  AC  side,  the  DC  voltage  output  from  the  three-phase  rectifier  depends  on  the  AC 
voltage  as  in  equation  (6.1)  [38]: 

1^-  1.654*^  (6.1) 

in  which  Vm  is  the  peak  value  of  the  per  phase  AC  voltage. 

The  prototype  distribution  system  has  a line-to-line  voltage  of  208  V which 
creates  a maximum  output  voltage  Vdc  = 280.9  V,  according  to  (6. 1).  The  rectifier 
which  is  built  from  diodes  as  shown  in  Figure  6. 1 can  obtain  this  voltage  level. 


151 


The  minimum  DC  voltage  of  the  inverter  is  determined  by  the  maximum  inverter 
output  voltage.  Furthermore,  the  maximum  inverter  output  voltage  is  determined  by  the 
worst  case  feeder  bus  voltage.  It  is  recognized  that  the  worst  case  in  the  feeder  line  is 
a complete  voltage  outage.  Under  this  condition,  the  inverter  operates  in  the 
Uninterruptible  Power  Supply  (UPS)  mode;  i.e. , the  inverter  will  provide  the  full  voltage 
to  support  the  Custom  bus  while  all  three  phases  of  the  feeder  bus  are  shorted  to  ground. 
The  relationship  between  the  DC  voltage  and  the  fundamental  AC  output  of  the  inverter 
is  discussed  in  Chapter  3,  as  in  equation  (3.1)  [38,39]. 

According  to  equation  (3. 1),  a three-phase  208  V line-to-line  voltage  output  needs 
a minimum  of  340  V DC  to  support  full  voltage,  assuming  the  modulation  index  is  1.0. 
Comparing  the  output  of  the  rectifier  and  inverter  input  requirement,  the  voltages  do  not 
match.  Therefore,  some  voltage  conversion  technique  has  to  be  applied. 

A simulation  study  was  performed  to  explore  feasibility  in  the  above  application. 
The  rectifier-inverter  scheme  is  applied  with  detailed  models  of  the  whole  system;  i.e., 
a detailed  power  system  model,  detailed  control  model,  detailed  inverter  model  and 
detailed  rectifier  model,  referring  to  Figure  2.3  and  Figure  6.1.  For  evaluation 
purposes,  voltage  sags  are  examined  again  in  this  application.  Similar  to  the  previous 
analysis,  a fault  at  the  feeder  line  causes  voltage  sags  with  an  approximately  40  % 
voltage  drop  at  the  phase  which  suffers  the  fault.  Therefore,  the  direct  linkage  between 
rectifier  and  inverter  can  be  used  in  this  case  without  compensating  DC  voltage. 

Figure  6.2  and  Figure  6.3  show  the  simulation  results.  From  Figure  6.2,  the 
voltage  sags  at  the  feeder  bus  do  not  exist  at  the  Custom  bus  because  of  the  compensation 
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by  the  inverter.  A near  perfect  sinusoidal  waveform  at  the  Custom  bus  is  achieved 
except  for  a small  flaw.  This  shortcoming  is  due  to  the  DC  bus  voltage  drop  in  which 
the  rectifier  can  not  respond  fast  enough  to  the  sudden  voltage  demand  at  the  inverter 
output. 

Figure  6.3  shows  the  rectifier  input  and  output  waveforms.  The  input  voltage  and 
current  waveforms  are  distorted  as  discussed  in  Chapter  2.  On  the  DC  bus  voltage 
waveform  there  are  several  points  which  may  be  important  in  practice.  One  is  the  peak 
DC  voltage  which  needs  to  be  suppressed  to  protect  the  devices.  The  other  is  the 
transient  voltage  at  the  DC  bus  which  occurs  because  of  the  sudden  change  in  output 
demand.  In  order  to  obtain  a waveform  without  notches  at  the  Custom  bus,  the  DC 
voltage  has  to  be  compensated. 

Another  effect  is  the  DC  voltage  ripple  which  depends  on  the  Lr-Cr  filter. 
However,  a high  quality  DC  bus  voltage  is  not  necessary  in  our  applications  even  though 
it  has  direct  impact  on  the  output  voltage,  according  to  the  conventional  open-loop 
control.  Because  of  the  closed-loop  control  technique  and  high  switching  frequency,  the 
voltage  ripples  in  the  DC  bus  do  not  have  any  impact  on  the  output  voltage.  The  closed- 
loop  control  adjusts  the  output,  depending  on  the  error  between  the  reference  and 
measurement.  This  is  another  significant  effect  in  using  the  closed-loop  control 
compared  to  the  open-loop  control.  A more  detailed  analysis  will  be  provided  in  the  next 
section  in  studying  the  effect  of  the  DC  bus  voltage  harmonics  on  the  output  voltage  in 
closed-loop  system. 
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Figure  6.2  Voltages  at  (a)  the  feeder  bus,  and  (b)  the  Custom  bus 
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Figure  6.3  Rectifier  input  and  output  with  inverter  compensating  voltage  sags 
(a)  Rectifier  input  voltage  and  current,  (b)  DC  bus  voltage 
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Finally,  other  suggestions  for  using  healthy  feeders  to  support  inverters  are 
provided.  If  the  important  load  at  the  Custom  bus  is  single-phase,  the  rectifier  can  be 
connected  to  the  other  phases  in  which  the  inverter  takes  care  of  power  quality  problems 
resulting  from  both  the  feeder  line  and  unbalanced  harmonics.  Also,  Feeder  1 can  serve 
as  an  input  for  the  rectifier  if  there  are  no  long-term  power  quality  problems  in  the 
feeder  side.  The  energy  stored  in  the  DC  link  capacitor  can  support  the  inverter  for  a 
while  in  case  a voltage  abnormality  exists  at  the  feeder  bus.  However,  this  method  may 
have  a stability  problem  because  the  system  containing  feeder  bus,  converter  output,  and 
rectifier  actually  constitutes  a closed-loop  system.  More  detailed  analysis  needs  to  be 
performed  in  order  to  implement  this  application. 

6.2  Harmonic  Rejection  and  Sensitivity  Analysis 
As  illustrated  previously,  the  closed-loop  control  system  has  the  advantage  of 
rejecting  harmonic  ripple  parasitic  on  the  DC  bus  voltage.  This  section  provides  an 
analytical  solution  for  it.  Also,  a sensitivity  analysis  is  performed  to  study  the  effect  of 
the  compensator  deviation  on  the  output  voltage. 

6.2.1  Harmonic  Rejection 

In  order  to  investigate  the  effect  of  the  DC  harmonic  ripple  on  the  output  voltage, 
the  transfer  function  from  the  DC  bus  voltage  to  converter  output  can  be  derived.  As 
pointed  out  previously,  the  describing  functions  which  represent  low  frequency 
components  are  used  as  in  [29].  Based  on  Figure  3.5,  the  equation  (3.4)  can  be  rewritten 


as  follows. 
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vab  = d*vg 


(6.2) 


where  both  d and  vg  are  nonlinear. 


Furthermore,  the  voltage  equation  (3.5)  can  be  written  as 


= dvg 


dli 

Vn+L—+ 

° dt 


(6.3) 


The  inductor  current  i,  can  be  written  as 


+ 1, 


(6.4) 


Meanwhile,  the  load  current  can  be  written  as  in  (6.5),  if  the  Custom  load  is  assumed 
to  be  an  equivalent  impedance. 


. dia 

rl1o+ll~^-  ~ vcus 


(6.5) 


As  before,  the  feeder  bus  voltage  VbuJ  is  taken  to  be  zero  in  deriving  the  transfer 
function.  Therefore,  the  Custom  bus  voltage  as  in  (6.5)  is  equal  to  the  converter  output 
voltage  V0.  Using  the  small  signal  perturbation  technique  [40],  one  can  rewrite  the  state 
space  equations  as  follows. 


DVg+Vga-0o 


(6.6) 


1~2 , 


(6.7) 
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- *o-rl*o 


(6.8) 


In  equation  (6.6),  D is  the  steady  state  duty  ratio,  and  Vg  is  the  steady  state  DC 
bus  voltage.  Thus,  by  taking  the  Laplace  transform,  one  can  obtain  the  transfer  function 
as  in  (6.9). 


0o(S)- 


sll+rl 

X[S) 


Vg*3(s) 


x sll+rl 
X(S) 


D*Vg(S) 


(6.9) 


where  X(S)  is  given  by  (6.10). 

X(S)  = Rl+{L+Ll)  S+LRlCS2+LLlCS3  (6.10) 

One  can  see  the  transfer  function  from  the  duty  ratio  d(S)  to  the  converter  output 
v0(S)  is  the  same  as  that  in  equation  (3.12).  The  transfer  function  from  DC  bus  voltage 
vg(S)  to  converter  output  is  a new  term  which  can  be  taken  as  a disturbance  or  noise. 
Based  on  equation  (6.9),  the  closed-loop  control  system  can  be  redrawn  as  in  Figure  6.4, 
without  taking  the  feeder  bus  into  account.  The  transfer  functions  Gj(s)  and  G2(s)  are 
given  by  (6.11)  and  (6.12). 


G1(S) 


rl+sll 

X[S) 


V„ 


(6.11) 


G2[S) 
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RL 


(6.12) 


Based  on  equation  (6.12)  and  Figure  6.4,  the  harmonic  rejection  effect  of  the 


closed-loop  system  can  be  evaluated  by  the  transfer  function  from  vg(S)  to  v„(S),  which 
is  given  by  (6.13). 
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Figure  6.4  Closed-loop  control  system  for  DC  bus  harmonic  rejection 


V0iS)  _ G2  (5) 
Vg(S)  1 +H(S)G1{S) 


(6.13) 


Assuming  the  loop  gain  H(S)Gi(S)  is  high,  one  can  consider  the  denominator  of 

(6.13)  as  H(S)G1(S).  Approximately,  the  harmonic  rejection  can  be  represented  by 

(6.14) ,  which  is  derived  by  substituting  (6.11)  and  (6.12)  into  (6.13). 


0o(S>  m d 
Vff(s)  H[S)Vg 


(6.14) 


Under  steady  state,  the  duty  ratio  is  less  than  one.  And,  H(S)  is  larger  than  one. 
Thus,  the  harmonic  noise  on  DC  bus  is  at  least  attenuated  by  a factor  of  Vg.  In  the 
example  as  discussed  before,  which  has  a 280.9  V DC  for  three-phase  and  162.2  V DC 
for  single-phase,  the  output  voltage  will  have  at  most  0.062  V voltage  ripple,  if  the  DC 
bus  voltage  has  a 10  V peak  harmonic  ripple. 
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6.2.2  Sensitivity  Analysis 

The  sensitivity  of  the  closed-loop  system  to  the  deviation  of  the  compensator  was 
also  studied  by  removing  the  disturbance  input  from  the  system.  As  can  be  seen  in 
equation  (6.13),  the  deviation  of  the  compensator  also  affects  the  transfer  function  from 
the  disturbance  to  the  output.  A similar  analysis  can  be  applied  for  that  case. 

Figure  6.9  shows  the  Bode-plot  of  the  closed-loop  transfer  function.  From  the 
figure,  the  gain  is  almost  a constant  under  1 kHz.  Also,  the  phase  angle  is  0 degree 
under  1 kHz.  Therefore,  the  closed-loop  system  will  follow  the  reference  very  precisely. 

In  the  following,  a quantitative  example  will  be  provided  to  examine  the 
sensitivity  of  the  closed-loop  system  to  the  compensator  gain  under  steady  state  condition. 
From  Figure  6.5,  each  parameter  in  the  transfer  function  can  be  represented  by  a 
constant,  as  in  equation  (6.15). 


V„  = 


HG , 


1+HG, 


V, 


ref 


(6.15) 


By  taking  the  derivative  of  the  equation  (6.15),  one  can  get  the  sensitivity  factor 
as  given  by  (6.16). 


H ^ . Writ 

AH  dH  (1+flGj2 


(6.16) 


Using  the  example  given  before,  one  can  examine  how  the  output  is  affected  by 
the  gain  deviation  of  the  compensator.  The  gain  of  the  converter  during  steady  state  is 
44.2  dB,  i.e.  162.2.  The  gain  of  the  original  compensator  H is  taken  as  1.  The 
reference  voltage  is  169.7  V.  Assuming  a deviation  factor  of  2 for  the  compensator 
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gain,  one  expects  an  approximate  8.17  V deviation  at  the  output  voltage,  if  the  inverter 
supplies  a full  voltage  with  a peak  value  of  169.7  V. 


Phase  angle  in  degree  magnitude  in  dB 
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(a) 


(b) 


Figure  6.5  Bode  plot  of  the  closed-loop  transfer  function 


CHAPTER  7 


CONCLUSION 


The  dissertation  describes  one  of  the  most  challenging  topics  in  present  day 
electric  power  engineering:  power  electronics  applications  in  solving  distribution  power 
quality  problems.  The  dissertation  includes  descriptions  of  problems  in  the  power  quality 
area,  investigation  of  possible  solutions  using  power  electronics  controllers,  theoretical 
background  analyses  of  power  electronics  converters  and  computer  simulations  to  verify 
the  concepts,  advanced  control  systems  design  and  implementations  using  state-of-the-art 
methods. 

The  dissertation  first  introduces  the  power  quality  problems  which  plague  present 
distribution  systems.  Various  power  quality  phenomena  are  investigated  using  computer 
simulations  based  on  a typical  distribution  system.  The  power  quality  phenomena 
causing  concern  in  distribution  systems  include  harmonic  distortions,  voltage  sags, 
voltage  swells,  outages,  transients,  impulses,  and  noise.  In  addition,  low  power  factor 
is  a problem  from  a stabilizing  voltage  point  of  view  and  reducing  losses  in  equipment. 
The  waveforms  obtained  through  computer  simulations  are  comparable  to  those  acquired 
from  real  distribution  systems.  The  advantage  of  computer  simulations  is  providing 
flexibility  to  analyze  the  power  quality  phenomena  indepth.  On  the  other  hand, 
measuring  the  power  quality  phenomena  in  a real  system  is  not  always  feasible. 
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Due  to  the  complexity  of  distribution  systems,  many  studies  are  based  on  some 
approximations  as  seen  in  the  literature.  This  is  especially  recommended  in  studying  a 
system  with  rotating  electric  machines,  because  they  are  non-linear  and  dynamic  loads. 
The  dissertation  not  only  concentrates  on  the  static  loads,  but  it  investigates  dynamic 
loads  of  rotating  electric  machinery  as  well,  using  detailed  computer  simulation  models. 
The  phenomena  uncovered  through  computer  simulation  upgrades  the  results  obtained  by 
conventional  and  simplified  models  used  to  represent  motor  loads. 

The  dissertation  investigates  power  electronic  converters,  especially  the  series 
connected  PWM  DC-AC  inverter,  by  evaluating  theoretical  background  and  illustrating 
various  applications.  Dynamic  models  of  power  electronic  converters  are  derived,  based 
on  different  load  types.  For  static  and  uncoupled  network  loads,  the  single-phase 
inverter  model  can  be  used  for  analysis  of  three-phase  systems.  For  dynamic  and 
coupled  loads,  a generalized  qd  reference  model  is  developed  for  typical  rotating 
machinery  loads. 

Furthermore,  a control  system  is  developed  for  each  type  of  application  based  on 
the  developed  model.  In  general,  closed-loop  control  is  applied  in  all  of  the  applications. 
Of  special  interest  is  the  adaptive  control  which  serves  as  a multi-functional  controller 
for  any  type  of  load. 

The  dissertation  verifies  the  concepts  by  using  computer  simulations  to  cover 
various  power  quality  phenomena.  The  studies  are  as  follows:  blocking  harmonic 
distortions  existing  in  the  feeder  side,  compensating  voltage  sags  caused  by  unbalanced 
faults,  absorbing  voltage  swells  resulting  from  large  motor  load  trip-off,  compensating 
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outages,  absorbing  low  rise  time  impulses  or  surges.  The  results  are  generally  the  same: 
the  Custom  bus  maintains  high  quality  power  with  regular  sinusoidal  waveforms. 

The  dissertation  also  covers  another  application:  one-cycle-switching.  By  using 
power  electronic  devices,  mechanical  breakers  can  be  replaced  by  Solid-State-Breakers 
(SSBs).  The  advantages  are  obvious.  The  switching  speed  of  SSBs  is  much  faster  than 
that  of  mechanical  breakers.  Moreover,  SSBs  can  be  controlled  by  microprocessors 
which  provide  flexibility  of  operation.  Applying  SSBs  in  distribution  systems  improve 
power  quality  as  well,  because  the  time  interval  of  voltage  sags  caused  by  closing  or 
opening  mechanical  breakers  is  reduced.  Furthermore,  power  electronics  converters  can 
be  applied  in  a complementary  mode  to  completely  compensate  voltage  sags  and  absorb 
surges. 

Finally,  the  dissertation  discusses  implementation  issues,  a rectifier-inverter  set 
is  proposed  using  a healthy  AC  bus  to  support  the  power  electronic  controller  for  the 
Custom  bus.  Because  the  DC  bus  voltage  is  rectified,  harmonic  ripple  is  of  concern  as 
well.  The  dissertation  examines  the  effect  of  the  harmonic  ripple  on  the  output  voltage. 
It  is  concluded  that  the  closed-loop  control  plays  an  important  role  in  all  of  the 
applications,  including  rejecting  harmonic  ripple. 

The  dissertation  covers  several  areas  which  are  related  to  power  quality  control. 
It  investigates  distribution  power  quality  phenomena  in-depth.  The  power  electronics  of 
DC-AC  inverters  are  studied  in-depth  as  well.  Control  system  design  techniques  are 
addressed,  and  a multi-functional  control  system  is  developed  for  the  power  electronics 


controller. 
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For  further  analysis,  the  current  control  using  other  converter  topologies  may  be 
needed  for  dynamic  machine  load  applications.  As  discussed  in  the  dissertation,  dynamic 
machine  loads  behave  as  current  source  at  the  Custom,  for  which  the  series  converter 
may  not  be  so  efficient  to  cope  with  the  current  transients.  Furthermore,  the  adaptive 
control  may  be  applied  to  the  qdO  dynamic  machine  model  to  cope  with  the  load  changes. 
These  are  of  concerns  in  future  development. 

As  another  candidate  of  the  control  system,  robust  control  may  be  applied.  The 
dissertation  investigates  various  Custom  loads,  from  which  the  band  of  the  dynamic 
performance  can  be  developed.  Thus,  a control  system  with  fixed  parameters  can  be 
designed  to  deal  with  all  the  dynamic  loads.  The  advantage  of  robust  control  over 
adaptive  control  is  that  it  reduces  the  cost  in  designing  the  control  systems. 

Furthermore,  the  assumption  of  a high  loop  gain  is  made  in  control  system, 
because  a unit  feedback  is  applied.  Thus,  the  phase  lead-lag  compensator  is  designed. 
In  practice,  the  feedback  gain  is  a fraction  because  the  voltage  comparison  is  based  on 
a low  voltage  scale.  Therefore,  the  compensator  with  certain  gain  needs  to  be  designed 
in  order  to  maintain  a high  loop  gain. 

In  power  electronics,  loss  analysis  can  be  performed  including  the  DC-AC 
inverters.  In  this  dissertation,  a 20  kHz  switching  frequency  is  applied  in  order  to  obtain 
a high  quality  power.  However,  the  inverter  may  have  a great  amount  of  switching 
losses  due  to  the  high  switching  frequency.  Further  analysis  needs  to  be  carried  out  in 
order  to  determine  the  overall  efficiency  of  using  power  electronics  converters. 


APPENDIX  A 


INDUCTION  MOTOR  DATA 


NEMA:  Design  B 
RATINGS: 

3 hp,  208  V,  3 phase,  4 poles,  60  cycle. 


Electrical  parameters: 

Stator  resistance: 

Stator  leakage  inductance: 

Rotor  resistance  referred  to  the  stator: 

Rotor  leakage  inductance  referred  to  the  stator: 
Magnetizing  inductance: 


rl  =0.21772  (Q), 
11=0.001904  (H), 
r2’ =0.2631  (0), 
r2’ =0.002477  (H), 
lm =0.054243  (H). 


Mechanical  parameters: 
Moment  of  inertia: 
Damping  coefficient: 


0.063  kg.m2, 
0.002  N.m.s. 
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APPENDIX  B 


ALGEBRAIC  EQUATIONS  OF  TRANSFORMATION  MATRICES 

B-l  Transformation  between  abc  and  ofb  Variables 
The  transformations  between  the  abc  variables  and  ofb  variables  are  performed 
as  follows  [ 29,30]: 


XoJb  = T~l  Xabc 


Xabc  = T Xofl> 


(B-l) 

(B-2) 


Where  the  matrices  T and  j~x  are  given  by  (B-3)  and  (B-4). 


T = 


1 e~*  e* 

1 e-j(0-l2Sn  gj( 6-120°) 
l e-j\0*l2cn  e;(0+12O°) 


(B-3) 


y-1  _ i 


1 1 1 

gfi  ey(9-120°)  gjXO*  120") 

g-fl  e -7(0-120")  e-j(fi+ 120°) 


(B-4) 


where  the  angle  9 is  given  by  (B-5) 
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0 = fu(x)dx  (®-5) 

O 

and  cj(t)  is  the  angular  speed  of  the  reference  frame.  In  the  applications  used  in  this 
dissertation,  u(r)  is  assumed  to  be  a constant  with  60  Hz  frequency. 

By  taking  the  first  order  derivative  of  (B-2),  one  can  obtain  a differential 
equation,  as  in  (B-6). 


Xabc 


+ Tx 


ojb 


Furthermore,  the  second  order  derivative  of  (B-2)  yields: 


(B-6) 


Xabc  T Xofb  + ^ T Xofl)  + T Xoft) 


(B-7) 


where  f and  f are  given  by: 


f = — 
V3 


0 

0 yco^0-120^ 

0 -;coe^e+12^  joe**13*. 


(B-8) 


f 


0 -coV'* 
— 0 

0 -(oV-*0^ 


-oV* 

o)2e;(0-i2cn 

0)2^(6+120°) 


(B-9) 
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B-2  Transformation  between  abc  and  qdO  Variables 
The  transformations  between  the  abc  variables  and  qdO  variables  are  performed 
as  follows  [27]: 


XqdO  = K Xabc 

(B-10) 

1 

II 

(B-ll) 

Where  the  matrices  K and  g-i  are  given  by  (B-12)  and  (B-13). 


cos0  cos(0-12O°)  cos(0+ 120*0 


sin0  sin(0-12O°)  sin(0  + 12O°) 

ii  2 

2 2 2 


COS0 


K -1  = 


cos(0-12O") 

cos(0+12O°) 


sin0  1 
sm(0-12(T)  1 
sin(0+12O°)  1 


(B-12) 


(B-13) 


By  taking  the  first  order  derivative  of  (B-ll),  one  can  obtain  a differential 
equation,  as  in  (B-14). 


*abc  = K'  X,dO  + KxqdO 


(B-14) 


Furthermore,  the  second  order  derivative  of  (B-ll)  yields: 


xabc  K xqd0  + 2 K xqd0  + K 1 xqd0 


(B-15) 
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where  g 


-i  and  are  given  by: 


-osin0  cocosO  0 

-G)sin(0 -120*0  ocos(0- 120*0  0 
-G)sin(0+12O*O  o)cos(0+ 120*0  0. 


-q2cos0  -co2sin0  0 

-co2cos(0-12O*O  -o)2sin(0- 120*0  0 
-<o2cos(0+ 120*0  -G)2sin(0+ 120*0  0. 


(B-16) 


(B-17) 


APPENDIX  C 


PARAMETERS  USED  IN  THE  DISSERTATION 


C-l  Laboratory  Model  Distribution  System 
(Referring  to  Figure  2.2  and  2.3) 

System  rating:  15  kVA,  208  V line-to-line,  3 phase. 

Transformers: 

(1)  Main  transformer  on  the  source  side:  30  kVA,  Y/A,  208  V/480V,  XL=6%. 

(2)  Transformer  on  the  feeder  1 and  feeder  2:  3 kVA,  A/Y,  480  V/208V,  XL=6%. 
(The  3 kVA  transformer  on  feeder  1 must  be  replaced  by  6 kVA  to  carry  full  loads  on 
this  feeder). 

(3)  Transformer  on  the  feeder  3:  15  kVA,  A/Y,  480  V / 208  V,  XL=6%. 

(4)  The  back-to-back  transformers  on  Custom  load  side:  3 kVA,  A/Y,  480V/208V, 
Xl=6%. 

(5)  Transformer  in  connecting  the  inverter  and  distribution  line:  3x1  kVA,  single-phase, 
460V/230V. 

Loads: 

(1)  Loads  on  the  distribution  feeders  1 and  2: 

Zx=82.3+j51  0,  C,=5uF  (A), 
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Z2=32.6+j20.3  0,  C2=3uF  (A), 

(2)  Load  on  the  distribution  feeder  3: 
Z3=5.1+j3.17  0. 

Distribution  line  impedances  (equivalent): 
Z, =0.375 + 1.003  0. 

(3)  Custom  load: 

3 kVA:  Z=12.2+j7.6  0, 

0.3  kVA:  Z=122+j76  fi. 


C-2  Inverter  Filter  Parameters 

L=0.256  mH, 

C=95uF, 

Transformer  (see  above). 


C-3  Control  System 

Transfer  function  of  the  phase  lead  compensator: 


H(S)  = 


1+7.54*10"5S 


1 + 1.3*10'5S 


(C-l) 


APPENDIX  D 


DIGITAL  ALGORITHMS 


The  control  system  as  discussed  in  the  dissertation  can  be  implemented  by  digital 
equipment  such  as  microprocessors.  Rather  than  using  analog  components  to  build  the 
functional  blocks  to  represent  mathematical  equations  which  are  normally  differential 
equations  in  linear  systems,  the  microprocessors  solve  the  equations  based  on  difference 
equations.  All  analog  signals  will  be  digitized  into  the  discrete-time  domain.  The 
digitization  is  based  on  sampling  the  continuous  signal  at  certain  equal  base  instances. 
The  speed  is  evaluated  by  sampling  rate.  The  fundamental  digital  controls  are  discussed 
in  Franklin  [49]  and  Leigh  [50]. 

In  a digital  system,  analysis  is  normally  performed  in  Z-domain  which 
corresponds  to  difference  equations.  In  a continuous  time  system,  Laplace  transform, 
known  as  in  the  S-domain,  is  used;  this  was  applied  in  Chapter  4 to  study  the  dynamic 
performance  of  the  control  system  and  design  compensators  for  a closed-loop  system. 
The  S-domain  equations  need  to  be  converted  to  the  Z-domain  in  order  to  implement 
digital  control.  There  are  several  techniques  available  to  transform  S-domain  equations 
to  Z-domain.  In  the  applications  as  performed  in  this  dissertation,  a very  widely  used 
technique— Bilinear  transformation— is  applied.  The  detailed  description  of  the  Bilinear 
transformation  is  described  in  [51]. 
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The  Bilinear  transformation  uses  the  linear  relationship  as  in  (D-l)  to  substitute 
the  S variable  in  a continuous  frequency  domain  equation. 


where  T,  is  the  sampling  period. 

Using  this  formula,  the  transfer  functions  in  the  S-domain  can  be  converted  to  Z- 
domain.  Substituting  this  into  the  inverter  and  system  model  as  in  equation  (4.9),  one 
can  get  the  transfer  function  in  the  discrete-time  domain  as  in  (D-2): 


where  and  B;  are  the  coefficients  composed  of  inverter  filter  and  Custom  load 
parameters.  The  summation  from  zero  to  three  is  used  because  the  system  is  in  a third 
order.  The  detailed  derivations  are  not  provided  here. 

In  equation  (D-2),  the  element  Z'1  is  simply  a time-step  delay,  in  which  the  delay 
is  determined  by  the  sampling  rate.  The  equation  is  linear  because  the  numerator  and 
denominator  are  polynomials.  The  inverse  Z-Transform  yields  a difference  equation 
which  shows  the  input  and  output  relationship  in  discrete-time  system,  as  in  (D-3). 


3 


(D-2) 


3 3 


v0(k)  - — - — K0yv  *;  T — — d(k-j) 


(D-3) 


Furthermore,  the  compensator  as  designed  in  Chapter  4 can  be  transformed  to  the 
Z-domain  as  well.  From  equation  (4. 1),  a difference  equation  can  be  derived  using  the 
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Bilinear  transformation,  as  in  (D-4). 

d(k)  = c^ik-l)  + c2e(k ) + cze(k- 1)  (D-4) 

In  addition,  the  adaptive  control  as  discussed  in  Chapter  4 and  Chapter  5,  relies 

on  digital  control  to  carry  out  iteration  steps. 
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